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Życiorys naukowy  
A. Dane personalne i teleadresowe:  
 
Imię i nazwisko: Joanna Kaźmierczak 
Tytuł naukowy: Magister  
Data i miejsce urodzenia: 05.09.1992 w Poznaniu 
Adres: ul. Mickiewicza 3, 62-060 Stęszew 
Email: joanna.kazmierczak@amu.edu.pl  
  
B. Przebieg wykształcenia:  
 
Studia doktoranckie, Wydział Chemii, UAM w Poznaniu                   od 2016  
Studia magisterskie, Wydział Chemii, UAM w Poznaniu            2014-2016 
(specjalność: Chemia Biologiczna) 
Studia licencjackie, Wydział Chemii, UAM w Poznaniu             2011-2014  
(specjalność: Synteza i analiza chemiczna)  
 
C. Udział w projektach naukowych: 
1. Numer projektu: Grant PRELUDIUM nr UMO-2017/27/N/ST5/00091, NCN  
Tytuł projektu: Nowe katalityczne metody syntezy funkcjonalizowanych silseskwioksanów 
przebiegające na drodze reakcji  sprzęgania oraz modyfikacja otrzymanych produktów 
Okres uczestnictwa: 03.08.2018 - trwa  
Funkcja: Kierownik;  
  
2. Numer projektu: Grant OPUS nr UMO-2015/19/B/ST5/00240, NCN  
Tytuł projektu: Synteza molekularnych oraz makromolekularnych związków 
metaloorganicznych na drodze nowych procesów katalizowanych kwasami Lewisa  
Okres uczestnictwa: 03.10.2016 - 31.12.2019 
Funkcja: Wykonawca; 
 
3. Numer projektu: Grant OPUS nr UMO-2013/09/B/ST5/00293, NCN  
Tytuł projektu: Synteza i charakterystyka nowych organofunkcyjnych związków krzemu jako 
czynników do funkcjonalizacji krzemionek  




a) wystąpienia ustne  
 
1. Data i miejsce konferencji: 08.05.2017, Poznań  
Nazwa konferencji: V Ogólnokrajowa Konferencja Naukowa Młodzi Naukowcy w Polsce – 
Badania i Rozwój 
Zasięg konferencji: Krajowa  






2. Data i miejsce konferencji: 28-30.06.2017, Toruń  
Nazwa konferencji: XI Copernican International Young Scientists Conference 
Zasięg konferencji: Międzynarodowa  
Tytuł referatu: Synthesis of functionalized disilazanes; 
 
3. Data i miejsce konferencji: 15-20.07.2018, Florencja, Włochy 
Nazwa konferencji: 28
th
International Conference of Organometallic Chemistry 
Zasięg konferencji: Międzynarodowa  
Tytuł referatu: Highly efficient catalytic approach to the synthesis of functionalized 
silsesquioxanes. 
 
b) wystąpienia w formie posteru 
1. Data i miejsce konferencji: 28-30.06.2017, Toruń  
Nazwa konferencji: XI Copernican International Young Scientists Conference 
Zasięg konferencji: Międzynarodowa  
Tytuł referatu: Synthesis of functionalized disilazanes (autor prezentujący); 
 
2. Data i miejsce konferencji: 26-30.05.2019, Donostia, San Sebastian, Hiszpania 
Nazwa konferencji: XXXVII Biennial Meeting of the Spanish Royal Society of Chemistry 
Zasięg konferencji: Międzynarodowa  
Tytuł referatu: Homo- and Heterogeneous Catalytic Approach to Functionalization of 
Silsesquioxanes (autor prezentujący); 
 
3. Data i miejsce konferencji: 02-04.12.2019, Rzym, Włochy 
Nazwa konferencji: International Conference On Phosphorus, Boron and Silicon – PBSi 2019 
Zasięg konferencji: Międzynarodowa  
Tytuł referatu: Novel Catalytic Methodologies for the Synthesis of Functionalized 
Silsesquioxanes (autor prezentujący); 
 
 
E. Wyróżnienia i nagrody: 
 
Laureatka programu Narodowego Centrum Nauki, PRELUDIUM (konkurs 
PRELUDIUM-14), 2018 r.; 
Laureatka Stypendium Naukowego Miasta Poznania dla młodych badaczy 
z poznańskiego środowiska naukowego, 2019 r.; 
Laureatka Stypendium Ministra Nauki i Szkolnictwa Wyższego dla najlepszych 
doktorantów, w roku akademickim 2018/2019;  
Laureatka Programu START Fundacji na Rzecz Nauki Polskiej w roku 2020;  
Laureatka Stypendium Rektora UAM dla najlepszych doktorantów, 3-krotnie: 2016/2017, 
2018/2019, 2019/2020. 
Zwiększenie stypendium doktoranckiego z dotacji podmiotowej na dofinansowanie zadań 
projakościowych, 3-krotnie: 2017/2018, 2018/2019, 2019/2020. 
Nagroda zespołowa Rektora UAM III stopnia za osiągnięcia w pracy naukowej, 2017 r. oraz 
II stopnia za osiągnięcia w 2018 r.; 
Nominacja w plebiscycie Osobowość Roku 2019 Głosu Wielkopolskiego; 






Laureatka Stypendium Motywacyjnego w ramach programu „Poczuj Chemię do Chemii”, 3-







A. Wykaz publikacji stanowiących osiągnięcia naukowe, o którym mowa w art. 13 ust. 2 
ustawy o stopniach naukowych i tytule naukowym oraz o stopniach i tytule w zakresie sztuki, 
rozprawę doktorską pt. „Modyfikacja silseskwioksanów zawierających grupy silanolowe na 
drodze procesów katalitycznych”: 
 
P1. Kaźmierczak Joanna, Kuciński Krzysztof, Hreczycho Grzegorz, Highly Efficient 
Catalytic Route for the Synthesis of Functionalized Silsesquioxanes,  
Inorganic Chemistry, 56, 2017, 9337-9342 
(IF2018= 4.850,  punkty MNISW =140 (2019)) 
 
Wkład procentowy doktoranta szacuje się na 60%, obejmował on: syntezę większości 
funkcjonalizowanych silseskwioksanów, charakterystykę spektroskopową wszystkich 
otrzymanych produktów, przegląd literaturowy, przygotowanie i napisanie publikacji, 
przygotowanie części graficznej pracy, naniesienie poprawek recenzenckich.  
 
Udział procentowy pozostałych współautorów wynosi: Krzysztof Kuciński (30%), Grzegorz 
Hreczycho (10%) 
 
P2. Kaźmierczak Joanna, Hreczycho Grzegorz, Catalytic Approach to Germanium-
Functionalized Silsesquioxanes and Germasilsesquioxanes,  
Organometallics, 36, 2017, 3854–3859 
(IF2018= 3.862,  punkty MNISW = 100 (2019)) 
 
Wkład procentowy doktoranta szacuje się na 90%, obejmował on: syntezę wszystkich 
germano-funkcjonalizowanych pochodnych silseskwioksanów, charakterystykę 
spektroskopową wszystkich otrzymanych produktów, przegląd literaturowy, przygotowanie 
i napisanie publikacji, przygotowanie części graficznej pracy, naniesienie poprawek 
recenzenckich.  
 
Udział procentowy pozostałych współautorów wynosi: Grzegorz Hreczycho (10%) 
 
P3. Kaźmierczak Joanna, Kuciński Krzysztof, Stachowiak Hanna, Hreczycho Grzegorz, 
Introduction of Boron Functionalities into Silsesquioxanes - Novel Independent 
Methodologies,  
Chemistry – A European Journal, 24, 2018, 2509–2514 
(IF2018= 5.160,   punkty MNISW = 140 (2019)) 
 
Wkład procentowy doktoranta szacuje się na 60%, obejmował on: syntezę wszystkich boro-
funkcjonalizowanych pochodnych silseskwioksanów, charakterystykę spektroskopową 
wszystkich otrzymanych produktów, przegląd literaturowy, przygotowanie i napisanie 
publikacji, przygotowanie części graficznej pracy, naniesienie poprawek recenzenckich.  
 
Udział procentowy pozostałych współautorów wynosi: Krzysztof Kuciński (25%), Hanna 
Stachowiak (10%), Grzegorz Hreczycho (5%) 
 
P4. Kaźmierczak Joanna, Hreczycho Grzegorz, Nafion as effective and selective 
heterogeneous  catalytic system in O-metalation of silanols and POSS silanols,  





(IF2018= 7.723, punkty MNISW = 140 (2019)) 
 
Wkład procentowy doktoranta szacuje się na 90%, obejmował on: syntezę wszystkich 
pochodnych silseskwioksanów, charakterystykę spektroskopową wszystkich otrzymanych 
produktów, przegląd literaturowy, przygotowanie i napisanie publikacji, przygotowanie 
części graficznej pracy, naniesienie poprawek recenzenckich.  
 
Udział procentowy pozostałych współautorów wynosi: Grzegorz Hreczycho (10%) 
 
P5. Kaźmierczak Joanna, Kuciński Krzysztof, Lewandowski Dariusz, Hreczycho 
Grzegorz, Ru-Catalyzed Dehydrogenative Silylation of POSS-Silanols with Hydrosilanes: Its 
Introduction to One-Pot Synthesis,  
Inorganic Chemistry, 58, 2019, 1201-1207 
(IF2018= 4.850,  punkty MNISW = 140 (2019)) 
 
Wkład procentowy doktoranta szacuje się na 35%, obejmował on: syntezę wszystkich 
funkcjonalizowanych pochodnych silseskwioksanów, charakterystykę spektroskopową 
wszystkich otrzymanych produktów, przegląd literaturowy, przygotowanie i napisanie 
publikacji, przygotowanie części graficznej pracy, naniesienie poprawek recenzenckich.  
 
Udział procentowy pozostałych współautorów wynosi: Krzysztof Kuciński (35%), Dariusz 
Lewandowski (26%), Grzegorz Hreczycho (4%) 
 
P6. Kaźmierczak Joanna*, Hreczycho Grzegorz, Copper(II) Triflate-Mediated Synthesis 
of Functionalized Silsesquioxanes via Dehydrogenative Coupling of POSS Silanols with 
Hydrosilanes,  
Dalton Transactions, 48, 2019, 6341-6346. 
(IF2018= 4.052,  punkty MNISW = 140 (2019)) 
 
Wkład procentowy doktoranta szacuje się na 90%, obejmował on: syntezę wszystkich 
funkcjonalizowanych silseskwioksanów, charakterystykę spektroskopową wszystkich 
otrzymanych produktów, przegląd literaturowy, przygotowanie i napisanie publikacji, 
przygotowanie części graficznej pracy, naniesienie poprawek recenzenckich.  
 
Udział procentowy pozostałych współautorów wynosi: Grzegorz Hreczycho (10%) 
 
P7. Kaźmierczak Joanna, Hreczycho Grzegorz, Highly Effective Functionalization of 
Silsesquioxanes Mediated by Inexpensive Earth-Abundant Metal Catalyst – Potassium tert-
Butoxide,  
Journal of Catalysis,  378, 2019, 90-96. 
(IF2018= 7.723,  punkty MNISW = 140 (2019)) 
 
Wkład procentowy doktoranta szacuje się na 90%, obejmował on: syntezę wszystkich 
pochodnych silseskwioksanów, charakterystykę spektroskopową wszystkich otrzymanych 
produktów, przegląd literaturowy, przygotowanie i napisanie publikacji, przygotowanie 
części graficznej pracy, naniesienie poprawek recenzenckich.  
 







P8.    Kaźmierczak Joanna, Lewandowski Dariusz, Hreczycho Grzegorz, B(C6F5)3-
catalyzed dehydrocoupling of POSS silanols with hydrosilanes - a metal-free strategy for 
effecting functionalization of silsesquioxanes, 
Inorganic Chemistry, 2020, https://dx.doi.org/10.1021/acs.inorgchem.0c01125 
(IF2018= 4.850,  punkty MNISW = 140 (2019)) 
 
Wkład procentowy doktoranta szacuje się na 60%, obejmował on: syntezę wszystkich 
pochodnych silseskwioksanów, charakterystykę spektroskopową wszystkich otrzymanych 
produktów, przegląd literaturowy, przygotowanie i napisanie publikacji, przygotowanie 
części graficznej pracy, naniesienie poprawek recenzenckich.  
 
Udział procentowy pozostałych współautorów wynosi: Dariusz Lewandowski (30%) 




Impact factor (IF) publikacji naukowych podano bieżący 
W przypadku punktów ministerialnych za publikacje naukowe podano wartość 
pięcioletnią oraz bieżącą.  
Sumaryczny wskaźnik IF2018: 43.07 
Średni wskaźnik IF na publikację: 5.384  
Sumaryczna liczba punktów MNiSW (2019): 1080  




B. Wykaz pozostałych publikacji Doktoranta: 
 
9. Kaźmierczak Joanna, Kuciński Krzysztof, Szudkowska-Frątczak Justyna, Hreczycho 
Grzegorz, Highly Efficient Synthesis of Boron- and Germanium- Substituted Unsymmetrical 
Disilazanes,  
European Journal of Inorganic Chemistry, 2017(13), 2017, 1888-1891 
(IF2018= 2.578,  punkty MNISW = 70 (2019)) 
 
10. Stachowiak Hanna,  Kaźmierczak Joanna, Kuciński Krzysztof, Hreczycho Grzegorz, 
Catalyst-Free and Solvent-Free Hydroboration of Aldehydes,  
Green Chemistry, 20, 2018, 1783-1742 
(IF2018= 9.405,  punkty MNISW = 200 (2019)) 
 
11.  Walczak Anna,   Stachowiak Hanna,  Krupnik Gracjan, Kaźmierczak Joanna, 
Hreczycho Grzegorz, Stefankiewicz Artur, High catalytic activity and selectivity in 
hydrosilylation of new Pt(II) metallosupramolecular complexes based on ambidentate 
ligands,  
Journal of Catalysis,  373, 2019, 139-146   








Całkowity dorobek Doktoranta na dzień 29.05.2020   
 
Sumaryczny wskaźnik IF2018: 62.776  
Średni wskaźnik IF na publikację: 5.707 
Sumaryczna liczba punktów MNiSW:  1490 
Średnia liczba punktów MNiSW na publikację:135.45 
 
 
C. Wykaz patentów i zgłoszeń patentowych: 
 




Patenty i zgłoszenia patentowe dotyczące badań poruszanych w ramach rozprawy 
doktorskiej:  
 
1. Joanna Kaźmierczak, Grzegorz Hreczycho, Germano-funkcjonalizowane 
dwupodstawione digermoksysilseskwioksany o strukturze niedomkniętej klatki oraz metoda 
otrzymywania germano- funkcjonalizowanych dwupodstawionych 
digermoksysilseskwioksanów o strukturze niedomkniętej klatki,   
data zgłoszenia: 2017-06-08, nr zgłoszenia: P.421839; 
data publikacji: 2020-05-18, nr prawa wyłącznego: PL 234923 B1. 
 
2. Joanna Kaźmierczak, Grzegorz Hreczycho Germano-funkcjonalizowane 
trójpodstawione trigermoksysilseskwioksany o strukturze niedomkniętej klatki oraz metoda 
otrzymywania germano-funkcjonalizowanych trójpodstawionych 
triigermoksysilseskwioksanów o strukturze niedomkniętej klatki,  
data zgłoszenia: 2017-06-08, nr zgłoszenia P.421840; 
data publikacji: 2020-04-30, nr prawa wyłącznego: PL 234805 B1. 
 
3. Joanna Kaźmierczak, Grzegorz Hreczycho Pochodne silseskwioksanów o strukturze 
całkowicie skondensowanej klatki i wbudowanym atomie germanu w krawędź klatki oraz 
sposób otrzymywania pochodnych silseskwioksanów  strukturze całkowicie skondensowanej 
klatki i wbudowanym atomie germanu w krawędź klatki,  
Data zgłoszenia: 2017-06-08, nr zgłoszenia: P.421842; 
data publikacji: 2020-04-30, nr prawa wyłącznego: PL 234806 B1. 
 
4. Joanna Kaźmierczak, Krzysztof Kuciński, Grzegorz Hreczycho; Nowy sposób 
otrzymywania monofunkcjonalizowanych silseskwioksanów; data zgłoszenia: 2017-06-08; nr 
zgłoszenia: P.421837. 
 
5. Joanna Kaźmierczak, Krzysztof Kuciński, Grzegorz Hreczycho; Nowe 





otrzymywania trójpodstawionych trisiloksysilseskwioksanów o strukturze niedomkniętej 
klatki; data zgłoszenia: 2017-06-08; nr zgłoszenia: P.421834. 
 
6. Joanna Kaźmierczak, Krzysztof Kuciński, Grzegorz Hreczycho; Nowe tetrasiloksy-
podstawione sileskwioksany oraz sposób otrzymywania tetrasiloksy-podstawionych 
silseskwioksanów; data zgłoszenia: 2017-06-08; nr zgłoszenia: P.421835. 
 
7. Joanna Kaźmierczak, Krzysztof Kuciński, Grzegorz Hreczycho; Nowe pochodne 
silseskwioksanów z wbudowanym atomem krzemu w krawędź klatki oraz nowy sposób 
otrzymywania pochodnych silseskwioksanów z wbudowanym atomem krzemu w krawędź 
klatki; data zgłoszenia: 2017-06-08; nr zgłoszenia: P.421836. 
 
8. Joanna Kaźmierczak, Krzysztof Kuciński, Grzegorz Hreczycho; Nowe 
monopodstawione siloksysilseskwioksany oraz sposób otrzymywania monopodstawionych 
siloksysilseskwioksanów; data zgłoszenia: 2017-06-08; nr zgłoszenia: P.421832. 
 
9. Joanna Kaźmierczak, Krzysztof Kuciński, Grzegorz Hreczycho; Nowe 
dwupodstawione disiloksysilseskwioksany o strukturze niedomkniętej klatki oraz sposób 
otrzymywania dwupodstawionych disiloksysilseskwioksanów o strukturze niedomkniętej 
klatki; data zgłoszenia: 2017-06-08; nr zgłoszenia: P.421833. 
 
10. Joanna Kaźmierczak, Grzegorz Hreczycho Nowe germano-funkcjonalizowane 
mono-podstawione (germoksy-podstawione) silseskwioksany oraz metoda otrzymywania 
germano-funkcjonalizowanych mono-podstawionych (germoksy-podstawionych) 
silseskwioksanów, data 2017-06-08, nr zgłoszenia P.421838. 
 
11. Joanna Kaźmierczak, Grzegorz Hreczycho Nowy sposób otrzymywania pochodnych 
silseskwioksanów (germasilseskwioksanów) o strukturze całkowicie skondensowanej klatki z 
wbudowanymi atomami germanu w krawędzie klatki, data 2017-06-08, nr zgłoszenia 
P.421841. 
 
12. Joanna Kaźmierczak, Grzegorz Hreczycho Nowy sposób otrzymywania  
germasilseskwioksanów, data 2017-06-08, nr zgłoszenia P.421843. 
Pozostałe patenty: 
 
13. Joanna Kaźmierczak, Krzysztof Kuciński, Grzegorz Hreczycho, Borofunkcyjne 
disilazany,  
data zgłoszenia 05.12.2016, nr zgłoszenia P.419661;  
data publikacji: 31.08.2018, nr prawa wyłącznego: PL 229708 B1; 
 
14. Joanna Kaźmierczak, Krzysztof Kuciński, Justyna Szudkowska-Frątczak, Grzegorz 
Hreczycho, Niesymetryczne germanofunkcyjne disilazany,  
data zgłoszenia 05.12.2016, nr zgłoszenia P.419663;  








Streszczenie w języku polskim 
 
Celem naukowym niniejszej rozprawy doktorskiej pt. „Modyfikacja silseskwioksanów 
zawierających grupy silanolowe na drodze procesów katalitycznych” było opracowanie 
nowych, efektywnych i selektywnych, katalitycznych metod funkcjonalizacji 
silseskwioksanów zawierających ugrupowania silanolowe (Si-OH), zwanych POSS 
silanolami. W porównaniu do konwencjonalnych metod syntezy i modyfikacji 
silseskwioksanów zaproponowane strategie cechują się łagodnymi warunkami reakcji, 
znakomitą selektywnością oraz brakiem korozyjnych reagentów, czy produktów ubocznych. 
Wszystkie otrzymane funkcjonalizowane pochodne silseskwioksanów (134 związków, w tym 
wliczono część związków otrzymanych kilkoma metodami) zostały dokładnie 
scharakteryzowane spektroskopowo.  
 
Na początku badań zaproponowano hipotezę badawczą, która zakładała, iż właściwy dobór 
reagentów, katalizatorów oraz optymalnych warunków prowadzenia reakcji modyfikacji 
POSS silanoli pozwoli opracować nowe, wysoce efektywne, wydajne i selektywne metody 
syntezy funkcjonalizowanych silseskwioksanów, a także otrzymać szeroką gamę nowych 
związków krzemoorganicznych. 
 
Niniejsza praca doktorska przedstawia katalityczne podjęcie do funkcjonalizacji 
silseskwioksanów w oparciu o reakcję POSS silanoli z różnymi reagentami 
metaloidoorganicznymi (m.in. 2-metyloallilosilanami, -germananami, -boranami oraz 
wodorosilanami) w obecności różnorodnych katalizatorów. Uzyskane wyniki przedstawiono 
w postaci 8 publikacji naukowych (P1- P8). 
 
 
Rysunek 1. Schemat przedstawiający różne strategie syntezy funkcjonalizowanych 
silseskwioksanów poprzez katalityczną modyfikację silseskwioksanów zawierających 






Pierwsze trzy publikacje z cyklu (P1-P3) dotyczą nowej metody funkcjonalizacji 
silseskwioksanów na drodze reakcji całkowicie lub niecałkowicie skondensowanych POSS 
silanoli z 2-metyloallilo-podstawionymi reagentami metalloidoorganicznymi w obecności 
katalizatora triflorometanosulfonianu skandu(III). W ramach przeprowadzonych badań 
z użyciem Sc(OTf)3 otrzymano 46 pochodnych silseskwioksanów z bardzo dobrymi 
wydajnościami (76-98%) w krótkim czasie (1-2 godz.). Wszystkie reakcje prowadzone były 
w łagodnych warunkach, w temperaturze pokojowej, a jedynym produktem ubocznym był 
gazowy izobuten, co w znaczący sposób ułatwiło końcową izolację produktów. Należy 
podkreślić, że taka strategia pozwala na wprowadzanie różnorodnych podstawników do 
cząsteczek silseskwioksanów (m.in. ugrupowań germano- oraz boroorganicznych), a także 
reaktywnych grup funkcyjnych, co w porównaniu do konwencjonalnych metod jest 
wyzwaniem. Ponadto, metoda umożliwia pierwsze katalityczne zamknięcie naroży 
w cząsteczkach niecałkowicie skondensowanych silseskwioksanów.  
Publikacja P4 przedstawia zastosowanie heterogenicznego układu katalitycznego 
w syntezie funkcjonalizowanych silseskwioksanów. Wykazano, że katalizatorem modyfikacji 
POSS silanoli za pomocą 2-metyloallilo-podstawionych reagentów może być również Nafion 
NR50. Tą metodą otrzymano 10 funkcjonalizowanych silseskwioksanów. Do zalet tego 
rozwiązania należą: wysoka efektywność, łatwość technik eksperymentalnych i izolacji oraz 
możliwość wielokrotnego wykorzystania katalizatora. Aktywność katalityczna katalizatora 
Nafion została utrzymana przez ponad 10 cykli katalitycznych. 
Kolejne badania ujęte w cyklu publikacji (P5-P8) związane są z opracowaniem czterech 
nowych metod modyfikacji silseskwioksanów, przebiegających na drodze dehydrogenującego 
sprzęgania POSS silanoli z szeroką gamą komercyjnie dostępnych wodorosilanów 
w obecności katalizatorów: dodekakarbonyltriruten(0) (P5), trifluorometanosulfonian miedzi 
(II) (P6), tert-butanolan potasu (P7) lub tris(pentafluorofenylo)boran (P8). Każda 
z opracowanych metod cechowała się wysoką efektywnością i selektywnością. Ponadto, 
użycie dodekakarbonyltrirutenu(0) lub tris(pentafluorofenylo)boranu jako katalizatora 
pozwoliło na dalsze katalityczne przekształcenie otrzymanych silseskwioksanów 
zawierających ugrupowania Si-H na drodze procesów z pominięciem izolacji produktów 
pośrednich (one-pot). W rezultacie, otrzymano łącznie 72 produkty (P5-P8). Należy 
podkreślić, że badania nad dehydrogenującym sprzęganiem POSS silanoli z wodorosilanami 
skłoniły także do skupienia się na aspektach mechanistycznych procesów, które również 





Streszczenie w języku angielskim 
 
The scientific aim of this doctoral dissertation, entitled „Modification of silsesquioxanes 
containing silanol groups via catalytic transformations” was the design of novel, effective and 
selective, catalytic methods for the functionalization of silsesquioxanes containing Si-OH 
groups, known as POSS silanols. Comparing to the conventional approach to the synthesis 
and modification of silsesquioxanes, the advantages of designed methodologies are mild 
reaction conditions, excellent selectivity and no corrosive reagents or by-products. All of the 
synthesized functionalized silsesquioxane derivatives (134 compounds, including compounds 
that were synthesized using various methods) were accurately analyzed by spectroscopic 
methods. 
The research hypothesis was first proposed: it was assumed that the appropriate choice of 
reagents, catalysts and optimized reaction conditions for POSS silanols modification would 
allow the design of novel, highly effective and selective methods for the synthesis of 
functionalized silsesquioxanes and would also allow obtaining of a wide range of new 
organosilicon compounds. 
This doctoral dissertation describes the catalytic approach to the functionalization of 
silsesqioxanes, which is based on the reaction between POSS silanols with diverse 
organometalloidal reagents (e.g., (2-methylallyl)silanes, -germananes, -boranes and 





Picture 1. Various strategies for the synthesis of functionalized silsesquioxanes via catalytic 







The publications (P1-P3) present a novel methodology for the functionalization of 
silsesquioxanes via the reaction of completely or incompletely condensed POSS silanols with 
(2-methylallyl)-substituted organometalloidal reagents in the presence of scandium(III) 
trifluoromethanesulfonate as a catalyst. The result of using Sc(OTf)3 in the synthesis was 
obtaining of 46 silsesquioxane derivatives with excellent yields (ranging from 76 to 98%), 
within a short period of time (1-2h). All reactions were performed under mild conditions, at 
room temperature, with the elimination of gaseous isobutene as the single by-product, which 
simplifies the final isolation step of desired products.It is worth emphasizing, that this strategy 
allows the introduction of versatile substituents into silsesquioxane molecules  
(e.g., organogermanium- and organoboron moieties) as well as reactive functional groups, 
which may be a challenge using conventional methods. Furthermore, the methodology 
enables the first catalytic corner-capping reaction within incompletely condensed 
silsesquioxanes.  
Publication P4 deals with the use of the heterogeneous catalytic system in the synthesis of 
functionalized silsesquioxanes. It was proved, that Nafion can also be applied as a catalyst for 
the modification of POSS silanols with (2-methylallyl)-substituted reagents. 10 functionalized 
silsesquioxanes were obtained using this synthetic route. The advantages of this solution 
involve: high efficiency, the simplicity of experimental and isolation techiniques and 
reusability of  the catalyst. The catalytic activity of Nafion was maintained for more than 10 
catalytic steps.  
The next publications (P5-P8) concern the development of 4 novel, original pathways for 
the modification of silsesquioxanes via dehydrogenative coupling of POSS silanols with 
a wide range of commercially available hydrosilanes in the presence of such catalysts as: 
triruthenium(0) dodecacarbonyl (P5), copper(II) trifluoromethanesulfonate (P6),  potassium 
tert-butoxide (P7) or tris(pentafluorophenyl)borane (P8). Favorable features of each method 
were: high efficiency and high selectivity. Moreover, the implementation of triruthenium(0) 
dodecacarbonyl or tris(pentafluorophenyl)borane as a catalyst enabled further catalytic 
transformation of silsesquioxanes containing Si-H moieties via various processes without the 
isolation of intermediate products (one-pot). As a result, these strategies led to obtaining 72 
products (P5-P8). It is worth reiterating that the research on the dehydrogenative coupling of 
POSS silanols with hydrosilanes inclined to the investigation of mechanistic aspects of these 







Przewodnik po publikacjach stanowiących rozprawę doktorską 
 




Silseskwioksany  stanowią grupę związków krzemoorganicznych, które posiadają m.in.: 
dobrze zdefiniowaną, trójwymiarową, hybrydową strukturę, nanometryczne rozmiary oraz 
unikalne właściwości.
[1]
 Dzielą się na wiele pochodnych, wśród których wyróżniamy 
całkowicie skondensowane, wielościenne silseskwioksany - Poliedryczne Oligomeryczne 
Silseskwioksany, w skrócie oznaczane jako POSS (ang. Polyhedral Oligomeric 
Silsequioxanes). Charakteryzują się one regularną strukturą klatki i opisane są wzorem 
ogólnym (RSiO3/2)8. Zbudowane są z nieorganicznego, stabilnego termicznie rdzenia 
krzemowo-tlenowego, którego średnica wynosi ok. 1-1,5 nm oraz różnego rodzaju 
podstawników przyłączonych do naroży (Rys 1).  Podstawniki te determinują właściwości 
fizyko-chemiczne silseskwioksanów. Silseskwioksan został po raz pierwszy wyizolowany 
przez Donalda W. Scotta w 1946 r. w wyniku termolizy polimerowych produktów 
uzyskanych na drodze hydrolizy metylotrichlorosilanu oraz dimetylochlorosilanu.
[2]
 
Natomiast struktura silseskwioksanów została zaproponowana i wyjaśniona przez Arthura J. 










Rysunek 1. Trójwymiarowa, hybrydowa struktura całkowicie skondensowanych 
silseskwioksanów. 
Ważną  grupę silseskwioksanów stanowią związki zawierające podstawniki silanolowe 
(Si-OH), zwane POSS silanolami, które odgrywają istotną rolę w syntezie innych pochodnych 
silseskwioksanów. Wynika to z faktu, że reaktywne ugrupowania Si-OH mogą być dalej 
modyfikowane na drodze różnych przemian chemicznych. Wśród POSS silanoli wyróżniamy 
całkowicie skondensowany POSS monosilanol, a także niecałkowicie skondensowane 









Rysunek 2. Struktura całkowicie i niecałkowicie skondensowanych POSS silanoli: (a) POSS 
monosilanol; (b) POSS disilanol; (c) POSS trisilanol.  
Silseskwioksany cechują się dobrymi właściwościami mechanicznymi, optoelektrycznymi 
oraz wysoką stabilnością chemiczną i termiczną.
[4]
 O właściwościach termicznych oraz 
mechanicznych silseskwioksanów decyduje trwałość i elastyczność wiązania krzem – tlen. 
Na przestrzeni ostatnich 20-25 lat, widoczny jest coraz większy rozwój potencjału 
aplikacyjnego silseskwioksanów.
[1]
 Ze względu na swoje właściwości, związki te znajdują 
coraz szersze zastosowanie w mikro- i optoelektronice, m.in. jako materiały do produkcji light 
emitting diodes (OLED),
[5,6]
 a także w wielu gałęziach przemysłu oraz w chemii 
materiałowej. Można je wykorzystać w syntezie materiałów porowatych (m.in. 
nanoporowatych materiałów hybrydowych),
[7–9]
 w projektowaniu układów 
makromolekularnych
[10]
 oraz jako bloki budulcowe nowych funkcjonalnych nieorganiczno-
organicznych materiałów hybrydowych o unikalnych właściwościach.
[11–17]
 Ponadto, istnieje 
szereg doniesień literaturowych z ostatnich lat dotyczących zastosowania silseskwioksanów 
w charakterze napełniaczy dużej gamy polimerów.
[18]
 Silseskwioksany służą także jako 
prekursory nanokompozytów (ang. Polymer/POSS nanocomposites) wykazujących ulepszone 
właściwości fizykochemiczne w porównaniu do niezmodyfikowanych polimerów, m.in.: 
zmniejszoną palność, wysoką stabilność termiczną oraz lepsze właściwości dielektryczne.
[19–
26]
 Na szczególną uwagę zasługuje zastosowanie silseskwioksanów w medycynie, w syntezie 
biomateriałów, powłok przeciwbakteryjnych nanokompozytów dentystycznych, a także 
potencjalne zastosowanie jako systemy dostarczania leków (ang. drug delivery systems).
[27–32]
 
Ponadto poliedryczne silseskwioksany posiadające w strukturze wbudowany heteroatom  
np. atom metalu przejściowego (Mo, Ga, Ti, Al, Cr, V, Sb), tzw. heterosilseskwioksany lub 
metalosilseskwioksany posiadają istotne zastosowanie w katalizie. Mogą być stosowane jako 
katalizatory takich procesów jak polimeryzacja, epoksydacja, czy też metateza olefin.
[33–38]
  
Pomimo dużego potencjału aplikacyjnego, konwencjonalne metody syntezy i modyfikacji 
silseskwioksanów są oparte głównie na hydrolitycznej kondensacji wrażliwych na wilgoć 
reagentów - halogenosilanów lub alkoksysilanów.
[1]
 Zważywszy jednak na możliwość 
homokondensacji substratów, metody te cechuje niska selektywność oraz niska tolerancja 
grup funkcyjnych. Ponadto, w trakcie reakcji powstają reaktywne produkty uboczne (np. HCl) 
i wymagana jest ich dalsza neutralizacja poprzez użycie zasad (np. trzeciorzędowych amin). 
Tworzące się w trakcie procesu czwartorzędowe sole amoniowe wymagają stosowania dużej 
ilości rozpuszczalników, co w konsekwencji znacznie utrudnia proces izolacji produktów 
reakcji. 
 
Mimo, iż silseskwioksany budzą zainteresowanie wielu grup badawczych na całym 
świecie, w literaturze jest znanych niewiele metod katalitycznych pozwalających na 
efektywną funkcjonalizację silseskwioksanów, z pominięciem tworzenia się w procesie 





metodę arylowania silseskwioksanów katalizowaną przez kompleks rodu, jednak umożliwia 
ona jedynie modyfikację silseskwioksanów zawierających ugrupowania Si-H.
[39]
 Ponadto, 
naukowcy z Zakładu Chemii Metaloorganicznej UAM zaproponowali szereg strategii na 
katalityczną modyfikację silseskwioksanów m.in. na drodze metatezy, sprzęgania Hecka lub 
sililującego sprzęgania w obecności związków koordynacyjnych metali przejściowych (np.: 
rutenu, platyny lub palladu).
[40–48]
 Należy jednak zauważyć, że substraty do takiej 
funkcjonalizacji musiały zostać uprzednio przygotowane poprzez wprowadzenie do 
cząsteczek silseskwioksanów odpowiednich grup funkcyjnych (najczęściej grupy winylowej). 
Z tego powodu, metody te nie pozwalają na funkcjonalizację POSS silanoli. W 2017 r. Y. 
Satoh i współpracownicy opracowali pierwszą katalityczną metodę modyfikacji POSS 
trisilanolu zawierającego ugrupowania Si-OH na drodze reakcji z triwodorofenylosilanem 
w obecności kompleksów złota.
[49]
 Jednak ta metoda jest ograniczona tylko do jednego 
przykładu ze względu na małą handlową dostępność triwodorsilanów. Ponadto, metoda nie 
umożliwia zamknięcia naroża w cząsteczce POSS trisilanolu i utworzenia całkowicie 
skondensowanej cząsteczki.  
 
Niniejsza praca ma charakter syntetyczny i traktuje o opracowaniu  nowych, oryginalnych, 
wysoce wydajnych i selektywnych katalitycznych metod modyfikacji silseskwioksanów 
zawierających ugrupowania silanolowe. Przedstawione w rozprawie doktorskiej strategie 
syntezy funkcjonalizowanych silseskwioksanów cechują się możliwie krótkim czasem 
reakcji, łagodnymi warunkami reakcji, łatwością technik eksperymentalnych, wysokimi 
wydajnościami izolacyjnymi produktów oraz brakiem reaktywnych reagentów i trudnych do 
oddzielenia produktów ubocznych. 
 
Podsumowując, silseskwioksany stanowią bardzo ważną grupę związków chemicznych. 
Ich potencjał aplikacyjny i znaczenie w wielu dziedzinach przemysłu i chemii materiałowej 
skłaniają szerokie grono naukowców do dalszych badań w tym zakresie. Z tego powodu, 
opracowanie nowych, katalitycznych metod syntezy funkcjonalizowanych silseskwioksanów 








2. Cel pracy  
Celem naukowym niniejszej rozprawy doktorskiej pt. „Modyfikacja silseskwioksanów 
zawierających grupy silanolowe na drodze procesów katalitycznych” było opracowanie 
nowych ścieżek syntezy funkcjonalizowanych silseskwioksanów zachodzących na drodze 
katalitycznej modyfikacji POSS silanoli. Podczas badań zaplanowano przetestowanie 
szerokiej gamy katalizatorów (m.in. kwasów Lewisa), które mogłyby mieć potencjał i wysoką 
aktywność katalityczną w procesie modyfikacji silseskwioksanów oraz prowadzić do nowych 
efektywnych, wydajnych i selektywnych metod otrzymywania funkcjonalizowanych 
pochodnych silseskwioksanów. Dodatkowo otrzymane produkty zostały dokładnie 
scharakteryzowane za pomocą technik spektroskopowych, wykorzystując m.in.: 






Si NMR), spektroskopię 
w podczerwieni (IR), spektrometrię mas (MS) i innych. 
Na początku badań zaproponowano hipotezę badawczą, która zakładała, iż właściwy dobór 
reagentów, katalizatorów oraz optymalnych warunków prowadzenia reakcji modyfikacji 
POSS silanoli pozwoli opracować nowe, wysoce efektywne, wydajne i selektywne metody 
syntezy funkcjonalizowanych silseskwioksanów, a także otrzymać szeroką gamę nowych 
funkcjonalizowanych pochodnych silseskwioksanów. 
 
Przeprowadzone testy potwierdziły w większości przypadków założenia przewidywane  
w powyższej hipotezie badawczej, a wszystkie opracowane metody syntetyczne zostaną 
dokładnie omówione w następnym rozdziale dotyczącym wyników badań własnych.  





3. Omówienie wyników badań własnych 
Niniejsza praca doktorska opisuje metody syntezy szerokiej gamy funkcjonalizowanych 
silsekswioksanów na drodze katalitycznej modyfikacji POSS silanoli. Realizowane badania 




Rysunek 3. Główne strategie modyfikacji silseskwioksanów zawierających ugrupowania 
silanolowe realizowane w ramach rozprawy doktorskiej. 
 
A – Synteza funkcjonalizowanych silseskwioksanów na drodze reakcji O-metalacji 
POSS silanoli z 2-metyloallilo-podstawionymi odczynnikami metaloidoorganicznymi  
(2-metyloallilosilanami, -germananami i boranami) w obecności katalizatora 
trifluorometanosulfonianu skandu(III) (Sc(OTf)3) lub katalizatora Nafion  
 
Grupa badawcza w Pracowni Chemii i Technologii Polimerów Nieorganicznych Wydziału 
Chemii UAM udowodniła w trakcie swoich badań aktywność katalityczną kwasów Lewisa 
(głównie Sc(OTf)3) w reakcjach sprzęgania allilopodstawionych związków 










Rysunek 4. Reakcja sprzęgania silanoli za pomocą allilopodstawionych związków 
metaloidoorganicznych katalizowana przez kwas Lewisa Sc(OTf)3. 
 
Metoda pozwala na modyfikację związków zawierających grupę Si-OH i utworzenie wiązań 
Si-O-E (E=Si, Ge)  w produktach reakcji.  
W ramach niniejszej pracy doktorskiej postanowiono wykorzystać tę strategię w celu 
katalitycznej modyfikacji silseskwioksanów posiadających ugrupowania Si-OH (POSS 
silanoli). 
Na początku badań postanowiono sprawdzić aktywność katalityczną kwasu Lewisa 
trifluorometanosulfonianu skandu(III) w procesie O-sililowania POSS monosilanolu za 
pomocą 2-metyloallilosilanów (Rys 5). Okazało się, że reakcja w temperaturze 
pokojowej  w krótkim czasie (1 godz.) prowadzi do pożądanego produktu, który otrzymano 
z bardzo dobrą wydajnością. Zaletą tego procesu są łagodne warunki reakcji. Jedynym 
tworzącym się produktem ubocznym podczas reakcji jest obojętna olefina – izobuten. Ze 
względu na rozpuszczalność reagentów, jako medium do syntezy wybrano toluen. Kolejną 





uzyskania całkowitej konwersji POSS silanolu w czasie 1 godz.. Konwersja była 










Rysunek 5. Funkcjonalizacja POSS monosilanolu za pomocą 2-metyloallilosilanów 
katalizowana przez Sc(OTf)3. 
 
W rezultacie, badania te zaowocowały opracowaniem nowej metody syntezy 
funkcjonalizowanych silseskwioksanów na drodze katalitycznej modyfikacji POSS silanoli 
w obecności trifluorometoanosulfonianu skandu(III) (P1). Metoda ta jest efektywna 
i selektywna oraz pozwala na otrzymanie szerokiej gamy funkcjonalizowanych 
silseskwioksanów zawierających różne grupy funkcyjne. Warto podkreślić, że użycie  
2-metyloallilosilanów jako reagentów w syntezie pochodnych silseskwioksanów umożliwia 
wprowadzenie również reaktywnych grup funkcyjnych, np. grupy hydroksylowej z wysoką 
wydajnością (96%) i selektywnością (Rys 6). Stanowi to wyzwanie i jest trudne w przypadku 
konwencjonalnych metod z zastosowaniem chlorosilanów w reakcji.  
 
 
Rysunek 6. Wprowadzanie do cząsteczek silseskwioksanów reaktywnych grup funkcyjnych 
(grupy hydroksylowej).  
 
Następnie opracowaną strategię wykorzystano w modyfikacji niecałkowicie 
skondensowanych silseskwioksanów - POSS disilanolu oraz POSS trisilanolu (Rys 7). 
Metoda ta pozwala także na funkcjonalizację Double Decker POSS tetrasilanolu, który 







Rysunek 7. Funkcjonalizacja niecałkowicie skondensowanych POSS silanoli: (a) POSS 
disilanolu; (b) POSS trisilanolu; (c) Double Decker POSS silanolu. 
 
 W przypadku modyfikacji niecałkowicie skondensowanych silseskwioksanów, 
zawierających kilka grup Si-OH w cząsteczce, wymagana była większa ilość katalizatora (4% 
mol Sc(OTf)3) i wydłużenie czasu reakcji do 2 godz., aby uzyskać całkowitą konwersję POSS 
silanoli. Ponadto ze względu na ograniczoną rozpuszczalność Double Decker POSS silanolu, 
do funkcjonalizacji tego związku użyto układu rozpuszczalników acetonitryl:tetrahydrofuran 
(v:v = 1:1) (Rys 7).  
Opracowana metoda umożliwia także pierwsze katalityczne, selektywne zamknięcie 
naroży (ang. Corner Capping Reaction) w cząsteczkach niecałkowicie skondensowanych 







   
 
 Rysunek 8. Pierwsza katalityczna strategia zamykania krawędzi i naroży w cząsteczkach 
niecałkowicie skondensowanych POSS silanoli: (a) POSS disilanolu; (b) POSS trisilanolu.  
 
Należy podkreślić, że wszystkie reakcje prowadzone były w łagodnych warunkach,  
a jedynym produktem ubocznym był gazowy izobuten, co w znaczący sposób ułatwiło 
izolację pochodnych silseskwioksanów. Istotną zaletą metody jest także łatwość izolacji 
produktów reakcji. Po wstępnym odparowaniu próbek, trifluorometanosulfonian skandu(III) 
oddzielano od produktów reakcji stosując acetonitryl, w którym rozpuszcza się katalizator, 
natomiast silseskwioksany się nie rozpuszczają. Wykorzystano fakt, że ten polarny 
rozpuszczalnik rozpuszcza wiele związków krzemoorganicznych oraz kwas Lewisa Sc(OTf)3, 
natomiast nie rozpuszcza silseskwioksanów. Dzięki temu po wytrąceniu pochodnej 
silseskwioksanu z roztworu, można było ją oddzielić poprzez dekantację bądź filtrację 
i otrzymać pożądany związek w postaci osadu lub oleju. 
 
W dalszym etapie wykorzystano metodologię O-metalacji silseskwioksanów 
posiadających ugrupowania Si-OH w procesie O-germylowania (P2) oraz  
O-borylowania (P3) POSS silanoli za pomocą 2-metyloallilogermananów i odpowiednio  
2-metyloalliloboranów w obecności trifluorometanosulfonianu skandu(III). Strategia 
umożliwiła wprowadzenie germano- i boroorganicznych grup funkcyjnych do cząsteczek 
silseskwioksanów. W rezultacie otrzymano serię germano- oraz boro-funkcjonalizowanych 
silsekwioksanów z bardzo dobrymi wydajnościami. Podsumowanie badań nad O-metalacją 
POSS silanoli za pomocą 2-metyloallilo-podstawionych odczynników metaloidoorganicznych 









Rysunek 9. Synteza funkcjonalizowanych silseskwioksanów na drodze reakcji POSS silanoli 
z 2-metyloallilo-podstawionymi związkami metaloidoorganicznymi katalizowana przez 
Sc(OTf)3.  
 
W trakcie prac nad O-germylowaniem (P2) przeprowadzono również reakcję POSS 
trisilanolu z tris(2-metyloallilo)germananem. Reakcja prowadzi do zamknięcia naroża POSS 
trisilanolu (ang. Corner capping reaction) i utworzenia całkowicie skondensowanego 
germasilseskwioksanu, zawierającego wbudowany atom germanu w narożu (Rys 10). 
Germasilseskwioksany należą do grupy heterosilseskwioksanów posiadających szerokie 
zastosowanie w katalizie
[53]
 Ponadto, według literatury występowanie wiązania Ge-O-Si może 







Rysunek 10. Katalizowane za pomocą Sc(OTf)3 zamknięcie naroża POSS trisilanolu 
i otrzymanie całkowicie skondensowanego germasilseskwioksanu. 
 
W trakcie prowadzonych badań, starano się również odpowiedzieć na pytania dotyczące 
mechanizmu tego procesu. Mechanizm reakcji związków zawierających grupę OH z  allilo-
podstawionymi reagentami w obecności kwasów Lewisa  jest znany i opisany w publikacji 
George A. Olaha z 1981 r.
[55]
 Jednakże trifluorometanosulfoniany mogą być źródłem kwasu 
trifluorometanosulfonowego (triflowego, TfOH) generowanego in-situ,
[56–59]
 dlatego 





katalizatora w reakcji O-metalacji POSS silanoli w obecności Sc(OTf)3. W trakcie 
eksperymentów doktorantka zaobserwowała, że modyfikacja POSS silanoli z użyciem TfOH 
jako katalizatora prowadzi do dekompozycji silseskwioksanów, zwłaszcza niecałkowicie 
skondensowanych, co zostało potwierdzone za pomocą spektroskopii NMR. Potwierdził to 
także test z użyciem Sc(OTf)3 wraz z dokładnie taką samą ilością ko-katalizatora chlorku tert-
butylu w dichlorometanie, gdyż w tych warunkach uwalniany jest kwas triflowy (TfOH) 
z trifluorometanosulfonianu.
[60]
 Jako wynik eksperymentu otrzymano znacznie niższe 
wydajności produktów i częściową dekompozycję silseskwioksanów. Natomiast test 
z dodatkiem zasady -  2,6-di-tert-butylopirydyny (DTBP) w syntezie, która powinna wiązać 
koordynacyjnie tworzący się potencjalnie kwas TfOH, prowadził do otrzymania pożądanych 
produktów z bardzo dobrą wydajnością. Przeprowadzone badania mechanistyczne 
udowodniły, że właściwą formą katalizatora w tym procesie jest kwas Lewisa Sc(OTf)3, a nie 
mogący się tworzyć kwas Brønsteda (TfOH). Ponadto zaletą użycia Sc(OTf)3 w porównaniu 
do czystego kwasu triflowego jest łatwość technik eksperymentalnych, wysoka efektywność 
i selektywność w procesie O-metalacji POSS silanoli, a także fakt, że katalizator ten nie 
powoduje dekompozycji silseskwioksanów. 
 
W ramach przeprowadzonych eksperymentów z użyciem Sc(OTf)3 w syntezie 
funkcjonalizowanych silseskwioksanów otrzymano z bardzo wysoką wydajnością (76-98%) 
46 związków zawierających różnorodne grupy funkcyjne, m.in. reaktywną grupę 
hydroksylową (OH), ugrupowania boro- oraz germanoorganiczne. Zsyntezowano również 
germasilseskwioksany i digermasilseskwioksany, posiadające wbudowane atomy germanu w 











Tabela 1. Struktury produktów otrzymanych w procesie O-metalacji POSS silanoli  
















































































































































































































































































































































































W czasie badań nad syntezą funkcjonalizowanych silseskwioksanów katalizowaną przez 
kwas Lewisa Sc(OTf)3 dowiedziono, że czysty kwas trifluorosulfonowy TfOH może 
prowadzić do dekompozycji POSS silanoli, dlatego nie jest efektywnym katalizatorem 
procesu modyfikacji silseskwioksanów. Jednakże w kolejnym etapie badań doktorantka 
zadała sobie pytanie czy jako katalizator procesu O-metalacji POSS silanoli może być 
zastosowany polimer Nafion, zawierający w swojej strukturze terminalne kwasowe grupy 
funkcyjne (-SO3H).
[61]
 Warto zauważyć, że te ugrupowania sulfonowe we wspomnianym 
polimerze  posiadają mniejszą reaktywność niż czysty kwas trifluorosulfonowy. Prace 
zaowocowały opracowaniem heterogenicznej katalitycznej metody modyfikacji 
silseskwioksanów. Po raz pierwszy zastosowano heterogeniczny układ katalityczny Nafion 
w syntezie funkcjonalizowanych silseskwioksanów na drodze reakcji POSS silanoli  
z 2-metylloallilopodstawionymi reagentami metalloidoorganicznymi (P4) (Rys 11). Nafion 
okazał się zarówno efektywnym, jak i selektywnym katalizatorem przedstawionego procesu 























Rysunek 11. Heterogeniczna katalityczna metoda syntezy funkcjonalizowanych 
silseskwioksanów w obecności odnawialnego katalizatora Nafion. 
 
Do eksperymentów zastosowano Nafion NR50 w postaci kulek (pelletów). Po 
zoptymalizowaniu warunków reakcji użyto 170 mg katalizatora Nafion dla 1 mmola POSS 
monosilanolu oraz 220 mg katalizatora dla POSS disilanolu oraz POSS trisilanolu, aby 
uzyskać całkowitą konwersję. Wykorzystując tę metodę zsyntetyzowano 10 pochodnych 
silseskwioksanów, zarówno całkowicie, jak i niecałkowicie skondensowanych, zawierających 
różnorodne grupy funkcyjne, w tym również ugrupowania germano- i boroorganiczne 
z bardzo dobrymi wydajnościami izolacyjnymi (77-98%) (Tabela 2).  
 
Tabela 2. Struktury produktów otrzymanych w procesie O-metalacji POSS silanoli 



















































































Do zalet tego rozwiązania oprócz efektywności i selektywności należą: łagodne warunki 
reakcji (temperatura pokojowa), krótki czas reakcji (1 godz.), wysoka efektywność 
i selektywność procesu, łatwość technik eksperymentalnych, czyli łatwość oddzielania 
heterogenicznego katalizatora od mieszaniny reakcyjnej. Ponadto, bardzo ważnym aspektem 





użycia Nafionu w ponad 10 cyklach, nie obserwując znacznego spadku aktywności 



























B – Synteza funkcjonalizowanych silseskwioksanów na drodze reakcji 
dehydrogenującego sprzęgania POSS silanoli z wodorosilanami w obecności 
katalizatorów: dodekakarbonyltriruten(0), trifluorometanosulfonian miedzi(II),  
tert-butanolan potasu lub tris(pentafluorofenylo)boran 
 
W dalszych etapach badań szczególny nacisk położono na wykorzystanie nietoksycznych, 
komercyjnie dostępnych reagentów oraz możliwie tanich katalizatorów w syntezie 
funkcjonalizowanych silsekswioksanów. Opracowano trzy nowe metody dehydrogenującego 
sprzęgania POSS silanoli z wodosilanami. Wykazano, że proces ten może być katalizowany 
przez dodekakarbonyltriruten(0) (P5), trifluorometanosulfonian miedzi(II) (P6), tert-









1 3 5 7 10
Numer cyklu katalitycznego 







Rysunek 13. Opracowane strategie dehydrogenującego sprzęgania POSS silanoli 
z wodorosilanami.  
 
Na początku badań nad reakcją dehydrogenującego sprzęgania POSS silanoli 
z wodorosilanami, przetestowano kompleksy rutenu ([Ru(p-cymene)Cl2]2, [Ru3(CO)12]) jako 
potencjalne katalizatory tego procesu. Wykazano, że dobrą aktywność katalityczną wykazuje 
dodekakarbonyltriruten(0) (publikacja P5). Po optymalizacji procesu okazało się, że 
najbardziej optymalnymi warunkami reakcji, prowadzącymi do całkowitej konwersji POSS 
silanolu jest temperatura 120
o
C, czas reakcji 24 godz. oraz użycie toluenu jako 
rozpuszczalnika. Reakcje prowadzono w naczyniach Schlenka. Stężenie katalizatora wynosiło 
4% mol katalizatora w przypadku funkcjonalizacji POSS monosilanolu i 8% mol katalizatora 




Rysunek 14. Reakcja dehydrogenującego sprzęgania POSS silanoli: (a) POSS monosilanolu;  
(b) POSS disilanolu z wodorosilanami katalizowane przez Ru3(CO)12. 
 
Co ważne, metoda pozwala na modyfikację POSS silanoli za pomocą szerokiej gamy 
nietoksycznych reagentów - wodorosilanów. Dużą zaletą użycia wodorosilanów jest ich 
dostępność handlowa. Ponadto, w badanej reakcji, tak jak we wcześniej opracowanych 
metodach, nie powstają korozyjne produkty uboczne. Jedynym produktem ubocznym reakcji 





wysoką wydajność (88-97%), łatwość technik eksperymentalnych i izolacyjnych (łatwość 
oddzielenia katalizatora od mieszaniny reakcyjnej poprzez filtrację i odparowanie 
rozpuszczalnika, a następnie użycie acetonitrylu w celu wytrącenia pożądanego produktu).  
Warto podkreślić, że w reakcji POSS monosilanolu z diwodorosilanem zsyntetyzowano 
pochodną silseskwioksanu zawierającą grupę Si-H, która jest aktywna w przekształceniach 
katalitycznych. Wspomniany związek wykorzystano do dalszej funkcjonalizacji. 
Bezpośrednio po otrzymaniu silseskwioksanu z ugrupowaniem Si-H przeprowadzono kolejny 
etap reakcji, bez konieczności izolacji produktów pośrednich (one pot). Drugi etap polegał na 
dodaniu do mieszaniny reakcyjnej związku zawierającego wiązanie wielokrotne (olefiny, 
winylosilanu, benzotiazolu). Ta strategia pozwoliła otrzymać szeroką gamę 

























Rysunek 15. Dwuetapowa synteza pochodnych silseskwioksanów z użyciem katalizatora 
Ru3(CO)12 na drodze procesu bez izolacji produktów pośrednich (one-pot). 
 
W ramach przeprowadzonych eksperymentów nad reakcją dehydrogenującego sprzęgania 
POSS silanoli z wodorosilanami, w obecności Ru3(CO)12 otrzymano 24  pochodnych 
silseskwioksanów, w tym 7 związków uzyskanych w syntezie one-pot z bardzo dobrymi 









Tabela 3. Struktury produktów otrzymanych w reakcji dehydrogenującego sprzęgania POSS 








































































































































































































W celu zbadania aspektów mechanistycznych procesu wykonano szereg testów 
monitorowanych za pomocą spektroskopii NMR. W probówce Young do NMR 
przeprowadzono m.in. reakcję Ru3(CO)12 z wodorosilanem  w stosunku równomolowym 
w celu zaobserwowania w widmie 
1
H NMR tworzącego się adduktu [Ru-H]. Następnie 
reakcja z wybranym wodorosilanem w zoptymalizowanych warunkach procesu została 
również przeprowadzona w  probówce Young do NMR. Jako wynik tego eksperymentu 
zaobserwowano w widmie 
1
H NMR sygnał pochodzący od wodoru (H2), co potwierdziło 
tworzenie się tego produktu ubocznego. W oparciu o wyniki testów mechanistycznych oraz 
dane literaturowe
[62]
 zaproponowano następujący mechanizm reakcji dehydrogenującego 





Rysunek 16. Zaproponowany mechanizm reakcji dehydrogenującego sprzęgania POSS 
silanoli z wodorosilanami w obecności katalizatora Ru3(CO)12. 
 
Jako kolejne etapy mechanizmu uwzględniono: utleniającą addycję wodorosilanu do 
kompleksu rutenu i utworzenie się kompleksu [Ru-H], następnie atak nukleofilowy grupy  
Si-OH z cząsteczki POSS silanolu, utworzenie wiązania siloksanowego oraz wydzielenie 
cząsteczki wodoru. Badania zostały potwierdzone za pomocą spektroskopii NMR. 
 
W kolejnym etapie sprawdzono aktywność katalityczną triflanów metali 
(trifluorometanosulfonianów (M(OTf)n, gdzie M =Sc, Zn, Ca, Mg, Fe, Ag, Cu)  w procesie 
dehydrogenującego sprzęgania POSS silanoli z wodorosilanami. Wykazano, że znaczną 
aktywność w badanym procesie wykazuje trifluorometanosulfonian miedzi(II) Cu(OTf)2, 





(Publikacja P6). Po zoptymalizowaniu warunków reakcji okazało się, że najbardziej 
korzystne w syntezie jest użycie toluenu jako rozpuszczalnika. Wszystkie reakcje prowadzono 
w kolbie Schlenka. Mieszaninę reakcyjną ogrzewano przez 24 godz. w temperaturze 80
o
C, 
aby uzyskać całkowitą konwersję POSS silanoli. Do całkowitego przereagowania POSS 
silanoli w podanym, zoptymalizowanym czasie wymagane było 4% mol katalizatora 
w przypadku funkcjonalizacji POSS silanolu i 8% mol katalizatora w przypadku modyfikacji 




Rysunek 17. Reakcja dehydrogenującego sprzęgania POSS silanoli: (a) POSS monosilanolu;  
(b) POSS disilanolu z wodorosilanami w obecności katalizatora Cu(OTf)2. 
 
 
Opracowana strategia funkcjonalizacji POSS silanoli w obecności Cu(OTf)2 umożliwiła 




Rysunek 18. Zamknięcie krawędzi w cząsteczce niecałkowicie skondensowanego POSS 
disilanolu za pomocą  diwodorosilanu w obecności katalizatora Cu(OTf)2. 
 
 Przedstawiona metoda jest efektywna oraz selektywna. Pozwoliła na modyfikację 
zarówno całkowicie, jak i niecałkowicie skondensowanych silseskwioksanów i otrzymanie 
serii 17 funkcjonalizowanych pochodnych z wysokimi wydajnościami izolacyjnymi 80-98% 





katalizatora po reakcji. Warto podkreślić, że w tym procesie również nie tworzą się korozyjne 
produkty uboczne. 
 
Tabela 4. Struktury produktów otrzymanych w reakcji dehydrogenującego sprzęgania POSS 











































































































































W trakcie prac zbadano również aspekty mechanistyczne tego procesu, żeby 
zaproponować prawdopodobny mechanizm oraz sprawdzić jaka jest właściwa aktywna forma 
katalizatora, umożliwiająca przeprowadzenie tej reakcji. Eksperymenty zasugerowały, że 
w pierwszym etapie procesu zachodzi dekompozycja trifluorometanosulfonianu miedzi(II), 
redukcja Cu(II) do Cu(0), a następnie utworzenie sililowego estru – 
trifluorometanosulfonianu, będącego właściwym katalizatorem badanego procesu oraz 
























Rysunek 19. Prawdopodobny mechanizm procesu dehydrogenującego sprzęgania POSS 
silanoli z wodorosilanami w obecności katalizatora Cu(OTf)2. 
 
Dokonując przeglądu literatury, zwrócono także uwagę na publikacje grupy badawczej 
Profesora R. H. Grubbsa, które skupiały się na sililowaniu ugrupowań O-H w reakcji alkoholi 
z wodorosilanami w obecności wodorotlenku sodu
[63]
 oraz na dehydrogenującym sililowaniu 
wiązań C-H katalizowanym przez wodorotlenki lub tert-butanolan potasu.
[64–67]
 
W nawiązaniu do tych prac, doktorantka przetestowała szereg zasad jako katalizatorów 
procesu dehydrogenującego sprzęgania POSS silanoli z wodorosilanami (m.in. wodorotlenki 







pochodne HMDS (NaHMDS, KHMDS), a także węglany (Cs2CO3, K2CO3). Jako rezultat 





Bu nie wykazywały aktywności katalitycznej w tym procesie. Jednak, 
w przypadku użycia tert-butanolanu potasu jako katalizatora reakcji otrzymano 
satysfakcjonujące wyniki. W związku z powyższym, kolejnym zadaniem było 
zoptymalizowanie warunków reakcji dehydrogenującego sprzęgania POSS silanoli 
z wodorosilanami w obecności KO
t
Bu. Tert-butanolan potasu został uprzednio przygotowany 
zgodnie z danymi literaturowymi z publikacji grupy badawczej R. H. Grubbsa, by pozbyć się 
śladów wilgoci. Katalizator był przechowywany w kolbie Schlenka w atmosferze gazu 
obojętnego, by uniknąć jego dekompozycji. Również reakcje były prowadzone w kolbach 
Schlenka w atmosferze gazu obojętnego, używając bezwodnego THF jako rozpuszczalnika, 
uprzednio przedestylowanego z sodem i benzofenonem. Po optymalizacji procesu użyto 
w syntezie 4% mol KO
t
Bu w przypadku modyfikacji POSS monosilanolu oraz 8% mol 
KO
t
Bu w procesie modyfikacji POSS disilanolu (4% mol katalizatora dla jednej grupy  
Si-OH) (Rys 20). Optymalnymi warunkami reakcji okazała się temperatura 60
o
C. Mieszaninę 
reakcyjną ogrzewano przez 24 godz., aby uzyskać pożądany produkt i pełną konwersję POSS 








Rysunek 20. Reakcja dehydrogenującego sprzęgania POSS silanoli: (a) POSS monosilanolu;  
(b) POSS disilanolu z wodorosilanami w obecności katalizatora tert-butanolanu potasu. 
 
W wyniku przeprowadzonych doświadczeń, otrzymano 12 funkcjonalizowanych 
silseskwioksanów z bardzo dobrymi wydajnościami izolacyjnymi (72-91%). W syntezie 
użyto również pinakoloboran jako reagent i przeprowadzono reakcję sprzęgania POSS 
silanoli z pinakoloboranem, uzyskując boro-funkcjonalizowane pochodne. 
Tabela 5. Struktury produktów otrzymanych w reakcji dehydrogenującego sprzęgania POSS 











































































































Badany proces cechuje się dużą efektywnością.  Dodatkową zaletą tej katalitycznej 
strategii jest dostępność reagentów oraz niski koszt katalizatora. Metodologia ta jest pierwszą 
katalityczną strategią modyfikacji silseskwioksanów, w której nie ma konieczności użycia 
katalizatorów metali przejściowych. W procesie nie tworzą się odpady metali przejściowych, 
ani korozyjne produkty uboczne, co zwiększa potencjał aplikacyjny opracowanej strategii. 
Tak praktyczne podejście do funkcjonalizacji silseskwioksanów pozwala na efektywną 
syntezę pochodnych silseskwioksanów, mających duży potencjał jako bloki budulcowe w 
chemii materiałowej.  
W trakcie badań zwrócono także uwagę, że bardzo silnym kwasem Lewisa wykazującym 
dużą aktywność katalityczną w różnych procesach chemii organicznej i krzemoorganicznej 
jest tris(pentafluorofenylo)boran B(C6F5)3.
[68,69,78,79,70–77]
 Postanowiono sprawdzić aktywność 
katalityczną tego związku w procesie dehydrogenującego sprzęgania POSS silanoli 
z wodorosilanami. Prace te zaowocowały odkryciem nowej, wysoce efektywnej i selektywnej 
metody funkcjonalizacji silseskwioksanów w obecności katalizatora B(C6F5)3. Strategia 
pozwala na modyfikację zarówno niecałkowicie, jak i całkowicie skondensowanych  POSS 
silanoli oraz na zamykanie krawędzi POSS disilanolu (Rys 21). Po optymalizacji warunków 
reakcji wyciągnięto wniosek, że do pełnej konwersji POSS silanoli wymagane jest 3% mol 
katalizatora dla jednej grupy Si-OH i proces przebiega w temperaturze pokojowej przez 24 
godz. Takie same wyniki konwersji uzyskano podczas użycia 1.5% mol B(C6F5)3 na każdą 
grupę Si-OH, ogrzewając mieszaninę reakcyjną przez 24 godz. w temperaturze 40
o
C. W celu 
użycia możliwie jak najmniejszej ilości katalizatora syntezy prowadzono stosując tę drugą 
wspomnianą możliwość.   
Warto podkreślić, że  proces także przebiega w łagodnych warunkach i nie wydzielają się 
w jego trakcie  korozyjne produkty uboczne, ani toksyczne pozostałości metali z katalizatora. 
Ponadto, metoda ta umożliwia pierwszą, efektywną i selektywną reakcję dehydrogenującego 
sprzęgania POSS trisilanolu z silanami, co nie było możliwe wykorzystując poprzednie 
opracowane strategie. Stosując metodologię z wykorzystaniem B(C6F5)3 jako katalizatora 
procesu otrzymano z bardzo dobrymi wydajnościami (76-97%) 17 pochodnych 
silseskwioksanów zawierających różnorodne grupy funkcyjne posiadających duży potencjał 







Rysunek 21. Reakcja dehydrogenującego sprzęgania POSS silanoli ((a) POSS 
monosilanolu; (b) POSS disilanolu; (c) POSS trisilanolu z wodorosilanami w obecności 
tris(pentafluorofenylo)boranu B(C6F5)3. 
Tabela 6. Struktury produktów otrzymanych w reakcji dehydrogenującego sprzęgania POSS 



















































































































































W trakcie prac syntetycznych otrzymano pochodne zawierające ugrupowania Si-H, które 
mogą być dalej funkcjonalizowane m. in. za pomocą alkoholi bądź silanoli w obecności 
katalizatora B(C6F5)3. W trakcie badań udowodniono, że badana strategia umożliwia 
funkcjonalizację silseskwioksanów na drodze dwuetapowego procesu zachodzącego bez 
konieczności izolacji produktów pośrednich (one-pot), co jest kolejnym atutem pracy. Jest to 
pierwszy przykład wysoce efektywnej syntezy one-pot funkcjonalizowanych 
silseskwioksanów, zachodzącej w obecności katalizatora nie zawierającego metalu  B(C6F5)3 
w łagodnych warunkach. W trakcie eksperymentów otrzymano dwie kolejne pochodne 
silseskwioksanów z bardzo dobrymi wydajnościami (Rys 22).  
Rysunek 22. Synteza funkcjonalizowanych silseskwioksanów katalizowana przez B(C6F5)3 
bez konieczności izolacji produktów pośrednich (one-pot). 
Warto wspomnieć, że podczas badań nad  efektywnymi strategiami funkcjonalizacji 
silseskwioksanów oraz syntezą silseskwioksanów z podstawnikami boro-organicznymi (P3) 
opracowano także niekatalityczną metodę syntezy boro-funkcjonalizowanych 
silseskwioksanów. Proces przebiega na drodze reakcji dehydrogenującego sprzęgania POSS 
silanoli ze związkami zawierające ugrupowanie B-H, czyli komercyjnie dostępnymi boranami 
(pinakoloboranem, katecholoboranem oraz 9-BBN - 9-Borabicyclo[3.3.1]nonanem) (Rys 23). 






Rysunek 23. Niekatalityczna metoda reakcji dehydrogenującego sprzęgania (a) POSS 
monosilanolu; (b) POSS disilanol z boranami. 
Proces ten nie wymaga użycia katalizatora. Ponadto reakcja zachodzi w łagodnych warunkach 
(temperatura pokojowa, atmosfera powietrza) w krótkim czasie (1-2 godz.). Jako 
rozpuszczalnika w syntezie użyto toluenu lub THF w przypadku syntezy z użyciem 9-BBN. 
Metodologia może zostać zastosowana w syntezie mono- oraz dipodstawionych  
boro-funkcjonalizowanych silseskwioksanów z bardzo dobrymi wydajnościami (86-97%). Tą 
metodą zsyntezowano 6 pochodnych silseskwioksanów (Tabela 7), mogących służyć jako 
wielopierwiastkowe bloki budulcowe w syntezie nowych materiałów. Jednakże, w trakcie 
prób funkcjonalizacji POSS trisilanolu w warunkach tego procesu nie udało się efektywnie 
otrzymać pożądanych trój-podstawionych produktów. Wyniki te skłaniają ku wyciągnięciu 
wniosków, że katalityczne podejście do syntezy funkcjonalizowanych silseskwioksanów (np. 
użycie 2-metyloalliloboranów oraz katalizatora Sc(OTf)3) jest bardziej efektywną 
i selektywną strategią, w porównaniu do niekatalitycznych metodologii. 
Tabela 7. Struktury produktów otrzymanych w reakcji dehydrogenującego sprzęgania POSS 




























































Celem naukowym niniejszej rozprawy doktorskiej było opracowanie nowych, wydajnych 
i selektywnych katalitycznych strategii funkcjonalizacji silseskwioksanów zawierających 
ugrupowania Si-OH, zwanych POSS silanolami. Główny nacisk położony został na 
efektywność syntezy, łagodne warunki procesu oraz wyeliminowanie tworzenia się 
korozyjnych, bądź trudnych do usunięcia produktów ubocznych. W ramach 
przeprowadzonych badań potwierdzono zaproponowaną hipotezę badawczą. Zakładała ona, 
że odpowiedni dobór warunków prowadzenia procesu, z użyciem określonych reagentów oraz 
katalizatorów, pozwoli opracować nowe, efektywne metody syntezy funkcjonalizowanych 
silseskwioksanów. W trakcie badań odkryto dwie główne ścieżki katalitycznej modyfikacji 
silseskwioksanów: na  drodze reakcji POSS silanoli z 2-metyloallilo-podstawionymi 
reagentami metaloidoorganicznymi, bądź na drodze reakcji dehydrogenującego sprzęgania 
POSS silanoli z komercyjnie dostępnymi wodorosilanami, z użyciem odpowiednich 
katalizatorów dla każdego z procesów (Rys. 24). 
 
 
Rysunek 24. Opracowane efektywne i selektywne strategie syntezy funkcjonalizowanych 
silseskwioksanów na drodze katalitycznej modyfikacji POSS silanoli, stanowiące przedmiot 
rozprawy doktorskiej.  
 
Wszystkie otrzymane produkty reakcji (134 funkcjonalizowane pochodne 
silseskwioksanów, wliczając związki otrzymane różnymi metodami), zostały 
scharakteryzowane spektroskopowo. Uzyskane wyniki przedstawiono w formie ośmiu 
oryginalnych publikacji naukowych, które ukazały się w renomowanych czasopismach z listy 
filadelfijskiej. 
 
W końcowym rezultacie, przeprowadzone przez doktoranta badania zaowocowały:  
 
 opracowaniem nowej, oryginalnej, wysoce efektywnej i selektywnej katalitycznej 
metody funkcjonalizacji silseskwioksanów na drodze reakcji całkowicie i niecałkowicie 
skondensowanych POSS silanoli z 2-metyloallilo-podstawionymi reagentami 
metaloidoorganicznymi w obecności trifluorometanosulfonianu skandu(III). Metoda pozwala 
również na wprowadzenie boro-, bądź germano-organicznych podstawników oraz 
reaktywnych grup funkcyjnych do cząsteczek silseskwioksanów z bardzo dobrą wydajnością, 
co stanowi wyzwanie stosując tradycyjne metody modyfikacji silseskwioksanów. 
 
  opracowaniem pierwszej, efektywnej, katalitycznej metody zamykania naroży 
w cząsteczkach niecałkowicie skondensowanych silseskwioksanów- POSS trisilanoli (ang. 
corner capping reaction), a także zamykania krawędzi w cząsteczkach POSS disilanoli 
z bardzo dobrą wydajnością. Metodologia pozwala także na syntezę heterosilseskwioksanów, 
zawierających wbudowane atomy germanu w szkielet silseskwioksanów. 
 
 odkryciem pierwszej, heterogenicznej, katalitycznej metody syntezy silseskwioksanów 





z 2-metyloallilo-podstawionymi reagentami metaloidoorganicznymi w obecności 
heterogenicznego katalizatora Nafion NR50, którego aktywność katalityczna jest utrzymana 
przez ponad 10 cykli katalitycznych. 
 
 opracowaniem nowej metody otrzymywania pochodnych silseskwioksanów w reakcji 
dehydrogenującego sprzęgania POSS silanoli z komercyjnie dostępnymi i nietoksycznymi 
wodorosilanami, katalizowanej przez dodekakarbonyltriruten(0). W trakcie tego procesu 
możliwe jest przeprowadzenie dwuetapowej syntezy bez izolacji produktów pośrednich 
(one-pot). 
 
 odkryciem nowej, efektywnej i selektywnej strategii modyfikacji POSS silanoli 
w procesie dehydrogenującego sprzęgania tych związków z wodorosilanami w obecności 
trifluorometanosulfonianu miedzi(II). Metoda pozwala na zamykanie krawędzi w cząsteczce 
niecałkowicie skondensowanego POSS disilanolu. 
 
 odkryciem nowej metody syntezy funkcjonalizowanych silseskwioksanów na drodze 
reakcji dehydrogenującego sprzęgania POSS silanoli z wodorosilanami w obecności 
katalizatora tert-butanolanu potasu. Szczególną zaletą tego rozwiązania jest dostępność 
reagentów i niski koszt katalizatora, co zwiększa potencjał aplikacyjny tej metodologii. 
 
 opracowaniem nowej wysoce efektywnej metodologii modyfikacji silseskwioksanów 
na drodze reakcji dehydrogenującego sprzęgania całkowicie i niecałkowicie 
skondensowanych POSS silanoli z silanami, w tym opracowanie pierwszej efektywnej 
metody dehydrogenującego sprzęgania POSS trisilanolu oraz syntezy pochodnych 
silseskwioksanów bez konieczności izolacji produktów pośrednich (one-pot)w obecności 
katalizatora tris(pentafluorofenylo)boranu. 
 
 opracowaniem niekatalitycznej metody dehydrogenującego sprzęgania POSS silanoli 
ze związkami zawierającymi ugrupowania B-H (pinakoloboranem, katecholoboranem oraz  
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ABSTRACT: Silsesquioxanes (POSS) have recently become
the subject of growing interest in many branches of materials
chemistry. Despite this great interest, no direct metal-catalyzed
method to cap the corner of the POSS molecules has yet been
proposed. In this report, we present a highly efficient method
for the synthesis of functionalized silsesquioxanes mediated
by scandium(III) triflate, which opens up the possibility of
introducing a wide variety of functional groups into this class
of organosilicon compounds under mild conditions with
excellent yields. We also investigated the differences in the
activity of the Lewis acid (Sc(OTf)3) and the hidden Brønsted
acid (TfOH) generated in situ from triflates as catalysts
in the functionalization of silsesquioxanes. What is more, this
solution provides an efficient corner-capping reaction and other functionalizations to obtain silsesquioxane derivatives which are
often not possible to synthesize with good yields, efficiency, and chemoselectivity using conventional methods.
■ INTRODUCTION
Polyhedral oligomeric silsesquioxanes (POSS) as well as
partially condensed silsesquioxanes have attracted much
attention recently due to their versatile applications.1 They
possess unique features, e.g., well-defined nanosized struc-
ture,1,2 hybrid properties,3,4 high thermo- and photostability,2
and excellent physical, electrical and optical properties.1,5,6
Therefore, they might be used in different fields of materials
chemistry: e.g., as engineering materials, elastomers, hybrid
adhesives, coatings, optic materials, etc.1,7−13 Last but not least,
POSS molecules may have a great potential in the biomedical
field owing to their inert nature, low cellular toxicity,
biocompatibility, and biological stability.6,14−17
Conventional methods for the synthesis of silsesquioxanes
and their functionalization are mainly based on the hydrolytic
condensation of organotrichlorosilanes or organotrialkoxysi-
lanes.1,18,19 Unfortunately, these processes proceed with the
evolution of highly reactive and volatile byproducts HX (HCl,
HBr) and suffer from low functional group tolerance.
Additionally, the use of moisture-sensitive halosilanes does
not allow introduction of a wide variety of substituents with
good chemoselectivity (e.g., hydroxy groups) because of the
risk of self-condensation. Incompletely condensed silsesquiox-
anes with silanol groups (Si−OH) are a particularly interesting
class of compounds. The synthesis of these compounds
involves the kinetically controlled hydrolytic condensation of
organotrichlorosilanes,20 whereas POSS trisilanols can also be
synthesized by removal of one silicon atom from the corner of a
fully condensed cage in the presence of strong acid or base.21
Incompletely condensed silsesquioxanes are useful and easily
accessible precursors of other derivatives. Therefore, in the
course of studies on the functionalization of POSS, many
chemists have focused their attention on this group of
silsesquioxanes.1 It is also worth mentioning here that
silsesquioxanes containing, for example, Si−H or unsaturated
bonds can further undergo catalytic transformations such as the
hydrosilylation reaction,1,22 arylation,23 and a silylative coupling
as well as cross-metathesis to obtain valuable derivatives.24−30
However, the use of organotrihalosilanes in the modification
of incompletely condensed silsesquioxanes involves the
necessity of removing corrosive byproducts. Furthermore,
the lack of selectivity and low functional group tolerance
limit the utility of this method. To the best of our knowledge,
there is only one catalytic method for the modification of
incompletely condensed silsesquioxanes that eliminates the
formation of corrosive stoichiometric byproducts. The Shimada
group has reported a pioneering work on the selective synthesis
of hydro-substituted silsesquioxane by Au-catalyzed dehydro-
genative cross-coupling reaction of a phenylsilane with a POSS
containing silanol groups.31 Nevertheless, this method is
limited to just one example because the number of
commercially available di- and trihydrosilanes is very small
and it seems that this method does not allow “the corner
capping reaction” of POSS trisilanol.
Recently, our research group developed a new catalytic route
for the formation of Si−O−Si bonds in the coupling reaction of
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silanols with 2-methylallylsilanes catalyzed by scandium(III)
trifluoromethanesulfonate.32−35 Herein, we report a successful
extension of this procedure to the functionalization of
silsesquioxanes. Of particular importance, we describe an
unprecedented catalytic method for the corner-capping
reaction.
■ EXPERIMENTAL SECTION
The reagents and Sc(OTf)3 used for experiments were purchased
from Sigma-Aldrich Co. and ABCR GmbH & Co. KG. Various
2-methylallylsilanes were synthesized from chlorosilanes via the
Grignard reaction. POSS compounds were obtained from Hybrid
Plastics. (Isobutyl monosilanol POSS was synthesized according to the
literature procedure.36) The structures of the products were
determined by NMR spectroscopy. The 1H NMR (400 MHz), 13C
NMR (101 MHz), and 29Si NMR spectra (79 MHz) were recorded on
a Varian XL 300 spectrometer using C6D6 as the solvent. The EIMS
analysis was performed using a Bruker 320 MS/450 GC.
All details concerning the general procedure for the synthesis of
POSS derivatives are presented in the Supporting Information.
■ RESULTS AND DISCUSSION
The aim of this work was to check the possibility of using
2-methylallylsilanes as silylating agents in the O-metalation of
silsesquioxane molecules containing silanol groups, in the
presence of Sc(OTf)3 (Scheme 1). This turns out to be a
selective and highly effective catalytic approach to the synthesis
of various silsesquioxane derivatives.
The coupling reaction of POSS silanols with 2-methylallylsi-
lanes proceeds under mild conditions at room temperature with
the formation of isobutylene as the only byproduct, which is
neutral and harmless. This procedure is useful and effective for
the modification of a variety of silsesquioxanes containing one,
two, and three as well as four Si−OH groups which successfully
undergo selective O-silylation with 2-methylallylsilanes in the
presence of Sc(OTf)3. We optimized the reaction conditions
for the synthesis of monofunctionalized siloxy-substituted
silsesquioxanes from POSS monosilanol using 2 mol % of
scandium(III) triflate and toluene as a solvent (Table 1). The
conversion of reagents was determined by NMR spectroscopy.
In particular, valuable information was given by 29Si NMR
spectroscopy (79 MHz, C6D6). The
29Si spectrum of the
reagent POSS monosilanol is presented in the Supporting
Information. The chemical shift of the silicon atom in a silanol
group within POSS monosilanol molecules is −101.15 ppm.
However, when a POSS molecule is substituted with a siloxyl
group, the signal from the silicon atom from the corner of a
POSS cage appears as a peak ranging from −109 to −111 ppm,
depending on the substituent. We did not observe the peaks
from silicon atoms of silanol groups in the 29Si spectra, which
proves the full conversion.
Thereafter, we decided to extend this method to the
functionalization of incompletely condensed silsesquioxanes:
POSS disilanol and trisilanol and double-decker silsesquioxane
(DDSQ) with four Si−OH groups (Tables 2−4). In all cases, a
higher catalyst loading was required (4 mol %) to obtain the
desired products. The O-silylation of DDSQ was performed in
a CH3CN/THF solvent mixture (v/v 1/1) because of the poor
solubility of DDSQ in toluene and acetonitrile. The important
feature of our procedure is the simplicity of separating the
product from the catalyst as well as the excess of silylating
reagent by adding acetonitrile after the reaction is completed.
This particular solvent dissolves both the catalyst and the excess
of 2-methylallylsilane but does not dissolve POSS derivatives.
The difference between the solubility of Sc(OTf)3 and the
silsesquioxanes in acetonitrile allows obtaining the product as a
precipitate. The conversion of reagents was also determined by
NMR spectroscopy. We did not observe the peaks from silicon
atoms of silanol groups in the 29Si spectra. The 29Si spectra of
POSS silanols used for the synthesis are also shown in the
Supporting Information.
Scheme 1. Sc(OTf)3-Catalyzed O-Silylation of POSS Silanols by 2-Methylallylsilanes
Inorganic Chemistry Article
DOI: 10.1021/acs.inorgchem.7b01504
Inorg. Chem. 2017, 56, 9337−9342
9338
As a result, we synthesized a series of functionalized siloxy-
substituted silsesquioxanes. The use of 2-methylallylsilane
with a substituent containing an OH group enabled the
synthesis of POSS derivatives containing a hydroxyl function-
ality in the side chain, which was a challenging matter
(compounds 9 and 16). It is not possible to achieve with
good yields using chlorosilanes due to the self-condensation of
substrates and the lack of selectivity. We also used our
methodology to perform the first catalytic attempt to cap the
corners of POSS disilanol (Table 2, compounds 14 and 17)
Table 1. Reactions of POSS Monosilanol with 2-Methylallylsilanes Catalyzed by Sc(OTf)3
a
aReaction conditions: toluene, room temperature, 1 h, Sc(OTf)3, catalyst loading 2 mol %, POSS:silane molar ratio 1:4.
Table 2. Reactions of POSS Disilanol with 2-Methylallylsilanes and Bis(2-methylallyl)silanes Catalyzed by Sc(OTf)3
a
aReaction conditions: toluene, room temperature, 2 h, Sc(OTf)3, catalyst loading 4 mol %, POSS:silane molar ratio 1:4.
bThe reaction proceeded
with a equimolar ratio of POSS to silane (the POSS:silane molar ratio for compounds 14 and 17 is 1:1).
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and trisilanol (Table 3, compounds 23 and 26) in order to
obtain fully condensed silsesquioxanes.
It is known that a metal triflate can serve as a source of triflic
acid (TfOH), which may be generated in situ from triflates.37,38
When using metal triflate as a catalyst, both the Lewis acid
catalysis and the hidden Brønsted acid catalysis may be
competitive. Therefore, we performed a series of experiments to
check the difference in activity of a Lewis acid (Sc(OTf)3) and a
Brønsted acid (TfOH) in order to find out which one is the true
active catalytic species in the coupling reactions between
POSS silanols and 2-methylallylsilane (Scheme 2). We chose
2-methylallylsilanes containing vinyl groups as reagents, which are
easily detected using NMR spectroscopy. First, we investigated the
same loading of pure TfOH, instead of Sc(OTf)3, as the catalyst in
the O-silylation of POSS silanols. Our experiments confirmed that
TfOH can serve as the catalyst in this process, but it is less
effective than scandium(III) triflate, and we did not obtain the full
conversion of POSS silanols. In the case of the O-silylation of a
Table 3. Reactions of POSS Trisilanol with 2-Methylallylsilanes and Tris(2-methylallyl)silanes Catalyzed by Sc(OTf)3
a
aReaction conditions: toluene, room temperature, 2 h, Sc(OTf)3, catalyst loading 4 mol %, POSS:silane molar ratio 1:6.
bThe reaction proceeded
with an equimolar ratio of POSS to silane (the POSS:silane molar ratio for compounds 23 and 26 is 1:1).
Table 4. Reactions of POSS Tetrasilanol (Double-Decker Silsesquioxane) with 2-Methylallylsilanes Catalyzed by Sc(OTf)3
a
aReaction conditions: CH3CN/THF (v/v 1/1), room temperature, 2 h, Sc(OTf)3, catalyst loading 4 mol %, POSS:silane molar ratio 1:6.
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POSS trisilanol catalyzed by TfOH, we observed that a catalytic
amount of triflic acid leads to partial decomposition of
incompletely condensed silsesquioxanes. It has been reported
that TfOH may catalyze the cleavage of siloxane bonds under
cationic conditions, for instance in the process known as ring-
opening polymerization.39 Next, we performed the Sc(OTf)3-
catalyzed coupling reaction of a POSS monosilanol and trivinyl
(2-methylallyl)silane in CH2Cl2 with the addition of cocatalytic
amounts of tert-butyl chloride (2 mol % of Sc(OTf)3 and 8 mol %
of t-BuCl) to generate the hidden Brønsted acid (TfOH) released
from scandium(III) triflate under these conditions in halogenated
solvents.40 As a result, we obtained a product with yield similar to
that of the reaction carried out in toluene using the Lewis acid
Sc(OTf)3. However, we discovered that the reaction of POSS
trisilanol with trivinyl(2-methylallyl)silane in CH2Cl2 in the
presence of Sc(OTf)3 and t-BuCl led to partial decomposition
of incompletely condensed silsesquioxane. We also investigated
this coupling reaction catalyzed by scandium(III) triflate with the
addition of the Brønsted base 2,6-di-tert-butylpyridine (DTBP)
(2 mol % of Sc(OTf)3 and 2 mol % of DTBP), and in this
experiment, we obtained the product in excellent yield (99%). The
addition of a Brønsted base does not affect the efficiency of this
reaction, which proves that Lewis acid catalysis seems to be the
favorable catalytic pathway. This leads to the conclusion that a
selective and efficient method for the modification especially of
incompletely condensed silsesquioxanes in toluene in the presence
of Sc(OTf)3 is catalyzed by the Lewis acid. Moreover, the main
advantages of using Sc(OTf)3 over pure triflic acid is the simplicity
of experimental techniques, as well as the lack of POSS
decomposition during the catalytic cycle.
In conclusion, we present a new synthetic pathway for the
synthesis and functionalization of polyhedral oligomeric
silsesquioxanes via Sc(OTf)3-catalyzed O-silylation of Si−OH
groups in silsesquioxane molecules with 2-methylallylsilanes.
From a synthetic point of view, this methodology has many
favorable features and advantages over other methods (e.g.,
needs mild conditions, has a short reaction time (1−2 h), needs
a relatively low catalyst loading (2−4 mol %), gives no
corrosive byproducts, and has high efficiency, excellent yields,
and good functional group tolerance) and can be of great
importance and practical use. Other advantages include the
simplicity of the experimental techniques and the ease of
separating the product from the catalyst. It should be pointed
out that our method is the first metal-catalyzed method for the
corner-capping reaction. We also investigated the differences in
the activity of a Lewis acid (Sc(OTf)3) and a hidden Brønsted
acid (TfOH) as catalysts in the O-silylation of silsesquioxanes.
Our study proves that the use of scandium(III) triflate as a
catalyst and toluene as a solvent are the optimized reaction
conditions in which TfOH is not generated and does not cause
the decomposition of POSS molecules. Under these conditions,
the Lewis acid is the active catalytic species not affecting the POSS
structure. Moreover, the synthesized silsesquioxanes containing
reactive substituents (e.g., Si−H bonds or vinyl groups) are ideal
substrates for further catalytic modifications and may undergo
functionalization via hydrosilylation, silylative coupling, or cross-
metathesis reactions. We believe that this procedure represents an
important catalytic solution and a significant improvement of
existing methods and that it will find extensive use in the synthesis
of valuable precursors of versatile materials with desirable optical,
thermal, and mechanical properties.
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ABSTRACT: Silsesquioxanes have attracted considerable atten-
tion in recent years due to their unique hybrid structure and
versatile properties. Herein, we report the first catalytic approach
to the synthesis of completely and partially condensed germanium-
functionalized silsesquioxanes as well as germasilsesquioxanes,
mediated by scandium(III) triflate. We provide a solution for
introducing germyl functionalities into various types of silsesquiox-
anes under mild conditions with excellent yields. This method-
ology turns out to be a highly efficient and selective synthesis route
to obtaining novel germanium-containing silsesquioxanes. These
new multielement POSS derivatives may have great potential for
further applications as valuable multifunctional building blocks in
material chemistry.
■ INTRODUCTION
Silsesquioxanes represent a class of organosilicon compounds
of well-defined nanosized structure and versatile hybrid
properties.1−4 Due to their unique features, completely
condensed as well as partially condensed functionalized
silsesquioxanes are of considerable interest and high relevance
in various fields of material chemistry and optoelectronics.5−9
They are widely used as elastomers, optic and electronic
materials, hybrid adhesives, engineering materials, and
precursors of nanocomposites.5−9 Moreover, a particularly
attractive group of POSS derivatives known as heterosilses-
quioxanes has attracted much attention owing to the presence
of heteroatoms (e.g., Ge, Sn, Al, B, P, transition metals, and
others) in addition to silicon and oxygen atoms in the POSS
skeleton.10−13 For instance, the first germasilsesquioxane has
been synthesized by Feher and co-workers.14 Germasilsesquiox-
anes may serve as multielement precursors of hybrid
inorganic−organic materials. Furthermore, the presence of
germanium atoms in the POSS skeleton affects the dimensions
and parameters of the POSS framework. Germasilsesquioxanes
have been the subject of the experimental and computational
studies which have shown that the differences in the POSS
structure have a significant influence on the kinetics of trapping
and detrapping of atoms incorporated into the POSS cage.15
Furthermore, the germanium-functionalized POSS compounds
containing Ge−O−Si bond in their structure may combine the
excellent physical, optical, and electrical properties of
silsesquioxanes and the enhanced features of germasiloxanes
(e.g., higher refractive index, low dielectric constant, and
biocompatible properties).16,17 It is also worth noting that
organogermanium compounds have recently aroused much
interest in various fields (e.g., as semiconductors in electronic
industry, nanocomposite materials, pharmaceuticals and
others).18,19 It has been reported that germanium-function-
alized materials containing the Ge−O−Si moiety may show
improved mechanical properties and thermal stability.20,21
Therefore, the germanium-containing POSS derivatives seem
to be particularly attractive for further applications and their
properties are still being investigated. Despite their great
potential, the number of reports regarding germanium-
functionalized silsesquioxanes and the methods for their
synthesis is still limited.22−25 There are even fewer protocols
on the functionalization of incompletely condensed silsesquiox-
anes with organogermanium groups.26
Conventional methods for the synthesis of Ge−O−Si bond
are based on the condensation reaction of silanols/
chlorosilanes/alkoxysilanes with chloro-/alkoxygermananes or
the cohydrolysis of chlorosilanes with chlorogermananes.10,27
Unfortunately, these reactions are restricted by the formation of
highly reactive and volatile byproducts (e.g., HCl). This
synthesis route involves the necessity of using moisture-
sensitive reagents and removal of corrosive byproducts.
Furthermore, it suffers from the lack of chemoselectivity and
low functional group tolerance. These significant drawbacks
limit the utility of the conventional methods. However, the
reports on the catalytic methods leading to the Ge−O−Si bond
formation are few. They are mainly based on B(C6F5)3-
catalyzed dealkylative coupling of hydrosilanes with alkox-
ygermananes or hydrogermananes with alkoxysilanes,28 the
coupling reaction of silanols with vinylgermananes catalyzed by
ruthenium(0) complexes29 or CpFe(CO)2Me-catalyzed reac-
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tion of diphenylgermanane with silanes in DMF.16 Never-
theless, none of these reactions seems to be useful for
functionalization of commercially available POSS silanols.
This particularly interesting class of silsesquioxanes containing
silanol groups (Si−OH) plays an important role as easily
accessible precursors of other POSS derivatives.
To the best of our knowledge, the direct formation of Ge−
O−Si bond in all reported literature examples of Ge-
functionalized POSS derivatives and germasilsesquioxanes has
been achieved using conventional stoichiometric methods.22−26
Moreover, there has been only one report regarding
incompletely condensed silsesquioxanes with organogerma-
nium functionalities.26 Marciniec and co-workers have recently
reported the synthesis of Ge-substituted incompletely con-
densed silsesquioxanes, however, their procedure does not
eliminate the formation of corrosive and reactive byproducts.
Our research group has recently found a new method for the
formation of E−O−Si bond (E = Si, Ge and B)30−35 included
the O-metalation of silanols with 2-methylallylsilanes or 2-
methylallylgermananes in the presence of scandium(III)
trifluoromethanesulfonate.30−33 Just recently, we have reported
the successful use of scandium(III) triflate in the O-silylation of
POSS silanols by 2-methylallylsilanes.36 Encouraged by these
results, we decided to extend this methodology for the
synthesis of germanium-functionalized silsesquioxanes as well
as POSS derivatives containing germanium atoms incorporated
into the POSS skeleton.
■ RESULTS
Herein, we report a successful extension of O-silylation of
POSS silanols to the synthesis of Ge-containing silsesquioxanes.
We present an efficient, selective and useful technique for the
formation of Ge−O−Si bond within POSS molecules. The aim
of this work was to examine the use of 2-methylallylgermananes
as germylating reagents in Sc(OTf)3-catalyzed O-germylation of
commercially available POSS silanols (Scheme 1).
First, we discovered that POSS monosilanol containing the
silanol group (Si−OH) successfully undergoes selective O-
germylation with 2-methylallylgermananes in the presence of 2
mol % of Sc(OTf)3 in toluene at room temperature with the
evolution of isobutylene as neutral and harmless byproduct
(Table 1). These optimal conditions were applied to various 2-
methylallylgermananes providing the desired products in high
isolated yields (Table 1, entries 1−4).
Thereafter, we decided to extend this methodology to the
functionalization of incompletely condensed silsesquioxanes:
POSS disilanol, trisilanol and double decker silsesquioxane
(DDSQ) with four Si−OH groups (Scheme 1 and 2). All
reactions were performed at room temperature, using toluene
as a solvent or a mixture of solvents CH3CN/THF (v/v = 1:1)
when using double-decker derivatives due to their poor
solubility in toluene. The catalyst loading required for the O-
germylation of incompletely condensed silsesquioxanes con-
taining two, three or four Si−OH groups was 4 mol % of
Sc(OTf)3 to obtain desired products (Tables 2 and 3).
The purity of obtained compounds was determined by NMR
spectroscopy and elemental analysis. The conversion of
reagents was determined by NMR spectroscopy, in particular
by 29Si NMR spectroscopy (79 MHz, C6D6). In the
29Si spectra
of the obtained products, we did not observe the peaks from
silicon atoms of silanol groups which proves the full conversion.
The 29Si spectra of the products as well as the reagents used for
the synthesis; POSS silanols are presented in the Supporting
Information.
Scheme 1. Synthesis of Mono-, Di-, Trifunctional Ge-
Substituted POSS Derivatives and Germasilsesquioxanes
Table 1. Synthesis of Monofunctional Derivatives in the
Reaction of POSS Monosilanol with 2-
Methylallylgermananes Catalyzed by Sc(OTf)3
a
aReaction conditions: toluene, rt, 1 h, Sc(OTf)3, catalyst loading 2 mol
%, molar ratio of POSS/germanane = 1:4.
Scheme 2. Synthesis of Digermasilsesquioxanes in the
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The important features of this procedure are high efficiency
and selectivity, low catalyst loading required (2−4 mol %), mild
reaction conditions, short time of reactions (1−2 h), and the
simplicity of experimental techniques. The coupling reaction of
POSS silanols and 2-methylallylgermananes proceeds with the
evolution of no corrosive or reactive byproducts. The only
byproduct formed in this reaction is a neutral and harmless
olefin-isobutylene.
It is worth noting that another advantage of this procedure is
the simplicity of separating the product from the catalyst as well
as the excess of germylating reagent by adding acetonitrile after
the reaction is completed. This particular solvent dissolves both
the catalyst and the excess of 2-methylallylgermanane but does
not dissolve POSS derivatives. The difference between the
solubility of Sc(OTf)3 and the silsesquioxanes in acetonitrile
allows obtaining the product as a precipitate.
Herein, we also report the first and efficient catalytic method
for capping the corner within incompletely condensed POSS
molecules with a germanium atom. We performed the corner-
capping reaction of POSS trisilanols with tris(2-methylallyl)-
germananes (Table 3, entries 11 and 12), POSS disilanol with
bis(2-methylallyl)germananes (Table 2, entries 7 and 8) and
double-decker silsesquioxane with bis(2-methylallyl)-
germananes (Scheme 2, entries 13 and 14). As a result, we
successfully synthesized various fully condensed germasilses-
quioxanes and digermasilsesquioxanes (Scheme 2). This
approach to germanium-capped POSS derivatives seems to be
an unprecedented catalytic method for the corner-capping
reaction and introducing germanium atoms into the POSS
skeleton.
Moreover, we performed the reaction of POSS monolsilanol
with bis(2-methylallyl)germanane (Scheme 3). We successfully
obtained Ge-functionalized bridged POSS compound consist-
ing of two POSS molecules of nanometer size linked together
by a organogermanium functionality (entry 15). The structure
was confirmed by NMR spectroscopy, elemental analysis, and
MS spectrometry.
It has been reported that bridged silsesquioxanes can be
applied as porous materials (e.g., gels with meso- and
macropores) owing to their unique three-dimensional
structure.37 When using metal triflate as a catalyst, both the
Lewis acid catalysis and the hidden Brønsted acid (TfOH)
catalysis may be competitive because triflic acid can be
generated in situ from triflates.38−40 During the course of our
study, we also examined the difference in activity of Lewis acid
(Sc(OTf)3) and Brønsted acid (TfOH) as catalysts in O-
germylation of POSS silanols (Scheme 4). We decided to check
which one is the active catalytic species in the coupling
reactions between POSS silanols and 2-methylallylgermananes.
Our first experiment was to check the performance of the
same loading of pure TfOH (2−4 mol %), instead of Sc(OTf)3,
as the catalyst in the O-gemylation of POSS monosilanol and
partially condensed POSS trisilanol. Our experiments con-
firmed that TfOH can serve as the catalyst in this process but it
leads to partial decomposition of incompletely condensed




aReaction conditions: toluene, rt, 2 h, Sc(OTf)3, catalyst loading 4 mol
%, molar ratio of POSS/germanane = 1:4. bReaction conditions:
toluene, rt, 2 h, Sc(OTf)3, catalyst loading 4 mol %, molar ratio of
POSS/germanane = 1:1.




aReaction conditions: toluene, rt, 2 h, Sc(OTf)3, catalyst loading 4 mol
%, molar ratio of POSS/germanane = 1:6. bReaction conditions:
toluene, rt, 2 h, Sc(OTf)3, catalyst loading 4 mol %, molar ratio of
POSS/germanane = 1:1.
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silsesquioxanes. Then, we examined the Sc(OTf)3-catalyzed
coupling reaction of POSS monosilanol and triethyl(2-
methylallyl)germanane in CH2Cl2 with the addition of
cocatalytic amounts of tert-butyl chloride (2 mol % Sc(OTf)3
and 8 mol % t-BuCl) to generate the hidden Brønsted acid
(TfOH) released from scandium(III) triflate in halogenated
solvents. We discovered that the reaction of POSS trisilanol
with 2-methylallylgermanane in CH2Cl2 in the presence of
Sc(OTf)3 and t-BuCl leads to partial decomposition of
incompletely condensed silsesquioxanes. The decomposition
of POSS compounds was observed in the NMR spectra which
are presented in the Supplement Information. We also
investigated this coupling reaction catalyzed by Sc(OTf)3
with the Brønsted base 2,6-di-tert-butylpyridine (DTBP) (2
mol % Sc(OTf)3 and 2 mol % DTBP in the case of POSS
monosilanol and 4 mol % Sc(OTf)3 and 4 mol % DTBP in the
case of POSS trisilanol). DTBP was added in order to bind/
coordinate the hidden Brønsted acid. In this experiment, we
obtained products in similarly good yields which proves that
the Lewis acid catalysis seems to be the favorable catalytic
pathway. These experiments lead to the conclusion that our
optimized reaction conditions (the use of Sc(OTf)3 as a catalyst
and toluene as a solvent) enable the highly selective and
efficient O-germylation of POSS silanols, especially the
incompletely condensed silsesquioxanes. Moreover, the main
advantages of using Sc(OTf)3 over pure TfOH are the
simplicity of experimental techniques and the lack of POSS
decomposition during the catalytic cycle.
As a result of our study, we obtained a series of completely
and partially condensed POSS molecules substituted with
organogermanium functional groups. We also synthesized the
completely condensed germasilsesquioxanes containing germa-
nium atoms in the POSS core. All newly obtained compounds
were characterized by 1H, 13C, and 29Si NMR spectroscopy and
elemental analysis. These novel POSS derivatives can be of high
relevance because multielement compounds turn out to be
beneficial and useful in material science. Therefore, they may
have significant potential for further applications.
In conclusion, we present the first catalytic method for the
synthesis of germanium-functionalized silsesquioxanes. This
convenient synthesis route allows us to obtain germasilses-
quioxanes and Ge-containing completely and partially con-
densed POSS derivatives with excellent yields and high
selectivity. Moreover, our procedure provides a highly effective
method for capping the corner of incompletely condensed
silsesquioxanes and introducing germanium atoms into the
POSS skeleton. This methodology has many favorable features
and advantages including mild reaction conditions, no corrosive
byproducts, short reaction time, low catalyst loading, and high
efficiency. We believe that it can be of great importance and
practical use for the functionalization of silsesquioxanes. We
also investigated the differences in the activity of the Lewis acid
(Sc(OTf)3) and the hidden Brønsted acid (TfOH) as catalysts
in the O-germylation of silsesquioxanes. Our study proves that
Sc(OTf)3 is the active catalytic species in this reaction and does
not cause the decomposition of POSS molecules. The novel
multifunctional POSS derivatives reported in this paper can be
suitable as valuable precursors of various functional materials
with enhanced mechanical and thermal properties. They also
have the great potential for the application in many areas of
material chemistry, for instance as multielement building blocks
in the synthesis of hybrid materials.
■ EXPERIMENTAL SECTION
Materials and Methods. The reagents and Sc(OTf)3 used for
experiments were purchased from Sigma-Aldrich Co. and ABCR
GmbH & Co. KG. Various 2-methylallylgermananes were synthesized
from chlorogermananes via the Grignard reaction. POSS compounds
were obtained from Hybrid Plastics. (Isobutyl monosilanol POSS was
synthesized according to the literature procedure.41,42 The procedure
for the synthesis of POSS monosilanol is shown in Supporting
Information. The structures of products were determined by mass
spectrometry and NMR spectroscopy. 1H NMR (400 MHz), 13C
NMR (101 MHz), 29Si NMR (79 MHz) spectra were recorded on a
Varian XL 300 spectrometer using C6D6 as the solvent.
Synthetic Procedures. General Procedure for the Synthesis of
Completely Condensed Monofunctionalized POSS Derivatives 1−4.
A mixture of 1 mmol of POSS monosilanol, 4 mmol of 2-
methylallylgermanane, and anhydrous toluene (2 mL) was placed in
a 50 mL one-necked round-bottomed flask equipped with a magnetic
stirring bar. Next, 0.02 mmol (2 mol %) of Sc(OTf)3 was added, and
the reaction mixture was stirred at room temperature for 1 h. After
this, the solvent was evaporated under vacuum, and the product was
separated from the catalyst by adding acetonitrile which dissolved both
the catalyst and the excess of 2-methylallylgermanane. The product
was obtained as a precipitate which was then filtered off or as oil which
was separated from acetonitrile to give corresponding compounds 1−
4.
General Procedure for the Synthesis of Incompletely Condensed
Difunctional Silsesquioxane Derivatives 5 and 6. A mixture of 1
mmol of POSS disilanol, 4 mmol of 2-methylallylgermanane, and
anhydrous toluene (2 mL) was placed in a 50 mL one-necked round-
bottomed flask equipped with a magnetic stirring bar. Then, 0.04
mmol (4 mol %) of Sc(OTf)3 was added, and the reaction mixture was
stirred at room temperature for 2 h. After this, the solvent was
evaporated under vacuum, and the product was separated from the
catalyst by adding acetonitrile which dissolved both the catalyst and
the excess of 2-methylallylgermanane. The product was obtained as a
precipitate which was then filtered off or as oil which was separated
from acetonitrile to give corresponding compounds 5 and 6.
General Procedure for the Synthesis of Completely Condensed
Germasilsesquioxanes 7 and 8. A mixture of 1 mmol of POSS
disilanol, 1 mmol of bis(2-methylallyl)germanane, and anhydrous
toluene (2 mL) was placed in a 50 mL one-necked round-bottomed
flask equipped with a magnetic stirring bar. Then, 0.04 mmol (4 mol
%) of Sc(OTf)3 was added, and the reaction mixture was stirred at
room temperature for 2 h. After this, the solvent was evaporated under
vacuum, and the product was separated from the catalyst by adding
acetonitrile. The product was obtained as a precipitate which was then
filtered off or as oil which was separated from acetonitrile to give
corresponding compounds 7 and 8.
General Procedure for the Synthesis of Incompletely Condensed
Trifunctional Silsesquioxane Derivatives 9 and 10. A mixture of 1
Scheme 4. Difference in Activity of Sc(OTf)3 and TfOH as
Catalysts in O-Germylation of POSS Silanols
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mmol of POSS trisilanol, 6 mmol of 2-methylallylgermanane, and
anhydrous toluene (2 mL) was placed in a 50 mL one-necked round-
bottomed flask equipped with a magnetic stirring bar. Then, 0.04
mmol (4 mol %) of Sc(OTf)3 was added, and the reaction mixture was
stirred at room temperature for 2 h. After this, the solvent was
evaporated under vacuum, and the product was separated from the
catalyst by adding acetonitrile which dissolved both the catalyst and
the excess of 2-methylallylgermanane. The product was obtained as a
precipitate which was then filtered off or as oil which was separated
from acetonitrile to give corresponding compounds 9 and 10.
General Procedure for the Synthesis of Completely Condensed
Germasilsesguioxanes 11 and 12. A mixture of 1 mmol of POSS
trisilanol, 1 mmol of tris(2-methylallyl)germanane, and anhydrous
toluene (2 mL) was placed in a 50 mL one-necked round-bottomed
flask equipped with a magnetic stirring bar. Then, 0.04 mmol (4 mol
%) of Sc(OTf)3 was added, and the reaction mixture was stirred at
room temperature for 2 h. After this, the solvent was evaporated under
vacuum, and the product was separated from the catalyst by adding
acetonitrile. The product was obtained as a precipitate which was then
filtered off or as oil which was separated from acetonitrile to give
corresponding compounds 11 and 12.
General Procedure for the Synthesis of Digermasilsesquioxanes
13 and 14. To a 50 mL one-necked round-bottomed flask were added
1 mmol of POSS tetrasilanol (DDSQ), 2 mmol of bis(2-methylallyl)-
germanane, and 6 mL of the mixture of CH3CN/THF (ratio v/v =
1:1). Then, 0.04 mmol (4 mol %) of Sc(OTf)3 was added, and the
reaction mixture was stirred at room temperature for 2 h. After this,
the solvent was evaporated under vacuum, and the product was
separated from the catalyst by adding acetonitrile. The product was
obtained as a precipitate which was then filtered off to give products
13 and 14.
General Procedure for Obtaining the Bridged Ge-Functionalized
POSS Derivative 15. A mixture of 2 mmol of POSS monosilanol, 1
mmol of bis(2-methylallyl)germanane, and anhydrous toluene (2 mL)
was placed in a 50 mL one-necked round-bottomed flask equipped
with a magnetic stirring bar. Next, 0.04 mmol (4 mol %) of Sc(OTf)3
was added, and the reaction mixture was stirred at room temperature
for 2 h. After this, the solvent was evaporated under vacuum, and the
product was separated from the catalyst by adding acetonitrile which
dissolved the catalyst. The product was obtained as a precipitate which
was then filtered off to give compound 15.
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& Silsesquioxanes
Introduction of Boron Functionalities into Silsesquioxanes: Novel
Independent Methodologies
Joanna Kaźmierczak, Krzysztof Kuciński, Hanna Stachowiak, and Grzegorz Hreczycho*[a]
Dedicated to Professor Bogdan Marciniec on the occasion of his forthcoming 77th birthday.
Abstract: Owing to their versatile application possibilities,
silsesquioxanes (SQs) are of considerable interest for creating
hybrid inorganic–organic materials. In this report, two novel
and independent strategies for the direct attachment of
boron functionalities to silsesquioxanes are presented.
Encouraged by our previous work concerning the synthesis
of borasiloxanes through the catalyst-free dehydrogenative
coupling of silanols and boranes, we decided to apply our
method to a synthesis of various boron-functionalized silses-
quioxanes. During our tests, we also investigated the activity
of scandium(III) triflate, which we have previously used as an
excellent catalyst for the obtaining of Si-O-Si and Si-O-Ge
moieties. As a result, we also discovered a novel approach
for the O-borylation of Si@OH groups in silsesquioxanes with
allylborane. Both routes are highly chemoselective and effi-
ciently lead to the obtaining of Si-O-B moiety under air at-
mosphere and at room temperature.
Introduction
Due to their unique properties such as a well-defined highly
symmetric nanostructure and thermal stability, POSS molecules
(POSS = polyhedral oligomeric silsesquioxane) have been
widely used as versatile building blocks for the construction of
hybrid materials.[1–8] In this connection, they have been exten-
sively investigated, especially in material chemistry.[9–12] Recent-
ly, the synthesis of functionalized silsesquioxanes cages (SQs)
containing other heteroatoms and functional groups has been
strongly developed by many scientists.[13–17] Traditionally, con-
ventional methods using halo-compounds are used to modify
their structure,[18–22] however catalytic solutions are becoming
increasingly investigated.[23–28] On the other hand, the boron
modification of various compounds,[29–33] polymers,[34, 35] and
nanoparticles is attractive for a wide range of applications.[36–38]
Si-O-B moiety, which is a core of poly(borasiloxane)s, is very in-
teresting in terms of modern polymer chemistry.[39–41] As such,
efficient and chemoselective procedures for the synthesis of
borasiloxanes are thus both very important and highly desira-
ble. Conventional methods for their preparation are mainly
based on the condensation between various boron and silicon
derivatives.[42–47] However, the formation of corrosive by-prod-
ucts, in conjunction with other drawbacks (e.g. , harsh reaction
conditions, low yields and chemoselectivity, or use of toxic and
sensitive materials), has prompted many scientists to develop
more sophisticated and catalytic synthetic methods.[48–53] How-
ever, even these have some limitations in the form of the ne-
cessity to use catalysts containing expensive transition metals
like palladium[53] and ruthenium.[48–50] Recently, our team has re-
ported on convenient processes for obtaining borasiloxanes,
which were achieved via catalyst-, base- and waste-free dehy-
drogenative coupling of boranes and silanols under mild con-
ditions (Scheme 1).[54]
Encouraged by the above-mentioned solution we are eager
to extend our approach to modifying POSS cages. To the best
of our knowledge, only two reports have been published,
which described just one example of the dehydrocoupling of
incompletely condensed silsesquioxane with highly Lewis
acidic organoborane–(C6F5)2BH.
[55, 56] In this paper, we present a
non-catalyzed, highly efficient dehydrogenative O-borylation of
a variety of completely and incompletely condensed silses-
quioxanes with simple, commercially available hydroboranes
such as pinacolborane and catecholborane.
At the same time, the research team has recently placed a
strong focus on the use of metal triflates as catalysts in O-sily-
lation, as well as S- and O-germylation reactions.[57–62] Whereas,
as previously described, new synthetic pathways for the syn-
thesis and functionalization of various SQs cages via Sc(OTf)3-
Scheme 1. Catalyst-free dehydrocoupling of silanols with boranes.
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Umultowska 89b, 61-614 Poznań (Poland)
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catalyzed coupling of Si@OH groups in silsesquioxane mole-
cules employed various 2-methylallylsilanes[60] and germanes
(Scheme 2),[61] we decided to extend this catalytic approach by
also using allylboron species, which are commonly applied in
many organic transformations.[63, 64]
In this paper, two independent strategies are described for
the construction of boron-functionalized silsesquioxanes
(Figure 1). Both processes are highly chemoselective and effi-
ciently lead to the obtaining of Si-O-B moiety under air atmos-
phere and at room temperature.
Results and Discussion
In the light of the analogy of simple silanols and POSS silanols,
the reactivity of boranes in O-borylation of various silsesquiox-
anes was tested. POSS molecules containing one, two and
three Si@OH groups were used in dehydrocoupling with com-
mercially available boranes (pinacolborane, catecholborane
and 9-BBN (9-BBN = 9-borabicyclo[3.3.1]nonane)). It was found
that the reaction performed in toluene gives the best results
for the modification of SQs containing one and two hydroxyl
groups. When using these starting reagents, products were ob-
tained in a relatively short time (1–2 h), with excellent yields
and under mild conditions (RT, air atmosphere). It can thus be
concluded that the catalyst-free method[65] can be used to syn-
thesize mono- and di-substituted boron-functionalized silses-
quioxanes (Table 1). Unfortunately, in the case of POSS trisila-
nol, full conversion was not obtained despite the use of the
excess of hydroborane (6–9 equivalents in relation to POSS tri-
silanol) and longer reaction time (up to 24 h). In each case, a
Scheme 2. O-silylation and O-germylation of POSS mediated by Sc(OTf)3.
Figure 1. Strategies for the direct attachment of boron functionalities to silsesquioxanes.
Table 1. Results for the catalyst-free dehydrocoupling of various POSS sila-
nols with boranes.[a]
1[b] (97 %) 2[c] (93 %)
3[b] (96 %) 4[c] (95 %)
5[b] (89 %) 6[c] (86 %)
[a] Isolated yields. [b] Reaction conditions: toluene (1–4) or THF (5 and 6),
1–2 h, RT, molar ratio of POSS silanol :borane = 1:1.5. [c] Reaction conditions:
toluene, 1–2 h, RT, molar ratio of POSS silanol :borane = 1:3.
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mixture of products was observed. The conversion was deter-
mined by NMR spectroscopy. The results of NMR analysis (in
particular 13C spectra) led to the conclusion that the main
product of the mixture was a di-substituted derivative, where-
as the tri-substituted one was obtained only in small amounts.
Thereafter, we decided to check the effect of a strong base
KOtBu (2 mol %) on the rate of conversion (Scheme 3). Unfortu-
nately, even in the presence of KOtBu, the total conversion
was not achieved.
Furthermore, encouraged by the successful use of Sc(OTf)3
in the O-metalation of compounds containing Si@OH
groups,[57–61] it was decided to extend this methodology and
investigate the activity of scandium(III) triflate as the catalyst in
the coupling reaction between silanols and 2-methylallylbor-
ane. In this research, the focus was primarily on the introduc-
tion of boron functionalities into the structures of silsesquiox-
anes.
However, it was decided to start the investigations with the
coupling reaction of simple silanols such as tris(trimethylsilox-
y)silanol and triisopropylsilanol with pinacol (2-methylallyl)bor-
onate (Table 2). The borylating agent used for the synthesis
was synthesized in the direct reaction between commercially
available pinacolborane and Grignard reagents formed in situ
from 2-methylallylchloride.[66] The attempt to synthesize of cat-
echol (2-methylallyl)boronate (as well as allyl-substituted 9-
BBN) failed due to problems with isolation of the final product.
It was discovered that the chosen approach appeared to be an
efficient and selective method for the formation of B-O-Si
moiety in the presence of Lewis acid. The reaction conditions
were optimized and only 2 mol % of scandium(III) catalyst was
used. All of the investigated silanols were fully converted to
borasiloxanes with very good isolated yields (Table 2). These re-
actions proceed under mild conditions (RT, air atmosphere)
with the evolution of gaseous isobutylene as a neutral and
harmless by-product.
Encouraged by these results, the above mentioned synthetic
pattern was then used for the synthesis of functionalized SQs.
The activity of Sc(OTf)3 in the reaction between POSS silanols
and 2-methylallylborane were checked. The first step was the
optimization of the process. To ensure maximum efficiency
and selectivity, preliminary tests in a few solvents were carried
out in order to select the most suitable one. Collectively, these
results indicate that the mixture of solvents CH3CN and THF
(v:v 1:1) is the best option. Taking into account the selectivity
and the reaction rate, 2 mol % of scandium(III) triflate was se-
lected for the further synthetic procedures. Furthermore, the
above-mentioned conditions were also applied to the O-bory-
lation of incompletely condensed silsesquioxanes: POSS disila-
nol and POSS trisilanol. As a result, mono-, di- and trifunction-
alized boron-containing SQs were obtained with high selectivi-
ty and efficiency (Table 3).
In the cases of SQs with two and three hydroxyl groups, the
higher catalyst loading was required (4 mol % of scandium(III)
triflate) to obtain the desired products in high isolated yields.
The conversion and purity of obtained compounds was deter-
mined by NMR spectroscopy, in particular by 29Si NMR spec-
troscopy. In these spectra, the peaks from silicon atoms of sila-
nol groups were not observed, which proves the full conver-
sion of starting SQs. The 29Si spectra of the products, as well as
the reagents used for the synthesis–POSS silanols, are present-
ed in the Supporting Information.
It is worth noting that Sc(OTf)3-catalyzed O-borylation of
POSS silanols has many significant and favourable features
e.g. , high efficiency and selectivity, low amount of the catalyst
(2–4 mol %), mild reaction conditions and short time of reac-
tions (1–2 h). Again, the only by-product formed in this reac-
tion was a neutral and harmless isobutylene. Moreover, a fur-
ther advantage of this method is the simplicity of separating
the product from the catalyst by adding acetonitrile after the
evaporation of starting mixture of solvents. This particular sol-
vent was chosen due to the difference in the solubility of
Sc(OTf)3 and the silsesquioxanes in acetonitrile, which allows
obtaining the product as a precipitate. It is well known, that a
metal triflate can serve as a source of the hidden Brønsted acid
(triflic acid), which may be generated in situ via hydrolysis.[67–72]
Therefore, a number of experiments were performed to ascer-
tain which specie–triflate salt or in situ formed acid–was a true
catalyst in this transformation. During the course of our study,
the difference in activity of Lewis acid (Sc(OTf)3) and Brønsted
acid (TfOH) as catalysts in O-borylation of incompletely con-
densed POSS trisilanol were also investigated to unearth which
specie was the active catalytic. First, the performance of the
same loading of pure TfOH (4 mol %), instead of Sc(OTf)3, was
checked as the catalyst in the O-borylation of POSS trisilanol.
The experiments confirmed that TfOH can serve as the catalyst
in this process, but that this leads to the partial decomposition
of incompletely condensed SQs. Subsequently, the Sc(OTf)3-cat-
alyzed coupling reaction of POSS trisilanol and pinacol
Scheme 3. The O-borylation of POSS trisilanol through the catalyst-free de-
hydrocoupling with boranes.
Table 2. O-borylation of silanols with 2-methylallylborane catalyzed by
Sc(OTf)3.
[a]
7 (93 %) 8 (97 %)
[a] Reaction conditions: CH3CN:THF (v:v 9:1), RT, 2 h, Sc(OTf)3, catalyst
loading 2 mol %, the molar ratio of silanol:borane = 1:1.2.
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(2-methylallyl)boronate in CH2Cl2 was investigated, with the ad-
dition of co-catalytic amounts of tert-butyl chloride (4 mol %
Sc(OTf)3 and 16 mol % tBuCl) to generate the hidden Brønsted
acid (TfOH) released from scandium(III) triflate in halogenated
solvents. It was discovered that this reaction leads to the par-
tial decomposition of incompletely condensed silsesquioxanes,
which can be observed on the NMR spectra presented in the
Supporting Information. We also examined this coupling reac-
tion catalyzed by Sc(OTf)3 on the presence of the Lewis base
@2,6-di-tert-butylpyridine (DTBP; 4 mol % of Sc(OTf)3 and
4 mol % of DTBP) which was added in order to coordinate the
hidden Brønsted acid. In this experiment, products were ob-
tained in similarly good yields (87 %), which proves that the
Lewis acid catalysis seems to be the favorable catalytic path-
way. These experiments lead to the conclusion that our opti-
mized reaction conditions (the use of Sc(OTf)3 as a catalyst and
mixture of CH3CN/THF as solvents) enable the highly selective
and efficient O-borylation of POSS silanols. Moreover, the main
advantages of using Sc(OTf)3 over pure TfOH are the simplicity
of experimental techniques and no traces of POSS decomposi-
tion during the catalytic cycle.
Two of the presented synthetic methodologies, that allow
the introduction of boron functionalities into SQs cages are
highly chemoselective and efficiently lead to the obtaining of
Si-O-B moiety under air atmosphere and at room temperature.
Both methods involve simple experimental techniques and are
highly efficient and selective. They give products with similar
yields and conversion within the comparable time. It is worth
noting that the dehydrogenative coupling of POSS silanols and
hydroboranes appears to be slightly convenient, especially in
light of excellent yields, atom economy and overall simplicity.
However, this non-catalytic method is not effective in the func-
tionalization of POSS trisilanol containing three Si@OH groups.
This is the main advantage of the method mediated by
Sc(OTf)3 over non-catalytic approach.
Conclusion
In summary, two novel, independent approaches to introduce
boron-functionalities into silsesquioxanes have been devel-
oped. The first method concerns the use of simple, commer-
cially available boranes such as pinacolborane, catecholborane
and 9-BBN in the catalyst-free, highly efficient dehydrogenative
O-borylation of various of completely and incompletely con-
densed silsesquioxanes. The favourable features of this solu-
tion are: mild conditions (RT, air atmosphere), the lack of the
catalyst, excellent isolated yields (93–97 %), high chemoselec-
tivity, very good atom economy (hydrogen as the only one by-
product), and the simplicity of the experimental techniques.
Additionally, a novel, catalytic approach to obtain B-O-Si
moiety has also been developed. This solution is particularly
suitable for complex SQs cages, as well as simple silanols.
Importantly, most existing catalytic methods of O-borylation of
silanols must be performed at elevated temperatures for a
long time. Because of this, it is worth noting that the Sc(OTf)3-
catalyzed O-borylation presented in this paper has many signif-
icant and favourable features, including: high efficiency and se-
lectivity (even in the case of POSS with three hydroxyl groups),
low amount of the catalyst (2–4 mol %), mild reaction condi-
tions, and short reaction time (1–2 h). Again, the atom econo-
my is satisfactory (neutral and harmless isobutylene as the only
one by-product). Moreover, another advantage of this method
is the simplicity of product separation from the reaction mix-
ture.
We believe that our methods can be of great importance
and practical use for the functionalization of various silses-
quioxanes. The convenience of the presented chemical reac-
tions should make this method accessible to chemical scien-
tists and non-chemical scientists alike. Further extension of the
presented solution and its applications (in the synthesis of
functionalized oligomers as well as polymers) is currently un-
derway.






[a] Isolated yields. [b] The reaction conditions: CH3CN:THF (v:v 1:1), RT,
1 h, Sc(OTf)3, catalyst loading 2 mol %, molar ratio of POSS:borane = 1:2.
[c] The reaction conditions: CH3CN:THF (v:v 1:1), RT, 1 h, Sc(OTf)3, catalyst
loading 4 mol %, molar ratio of POSS:borane = 1:4. [d] The reaction condi-
tions: CH3CN:THF (v:v 1:1), RT, 2 h, Sc(OTf)3, catalyst loading 4 mol %,
molar ratio of POSS:borane = 1:6.




The reagents and Sc(OTf)3 used for experiments were purchased
from Sigma–Aldrich Co. and ABCR GmbH & Co. KG. POSS com-
pounds were obtained from Hybrid Plastics. The structure of prod-
ucts was determined by NMR spectroscopy. The spectra 1H, 13C and
29Si NMR were recorded on the Bruker ASCEND 400 (400 MHz)
spectrometer using C6D6 as the solvent. Mass spectra of some
products (borasiloxanes) were determined by GC-MS analysis on a
Varian Saturn 2100T, equipped with a BD-5 capillary column (30 m)
and Finnigan Mat 800 ion trap detector.
Synthetic procedures
General procedure for the synthesis of completely condensed
monofunctionalized POSS derivative 1, 3, and 5 using hydrobor-
anes as borylating agents. To a 25 mL one-necked round-bottom
flask were added POSS monosilanol (1 mmol, 1.0 equiv.), hydrobor-
ane (1.5 mmol, 1.5 equiv.) and toluene (0.5 mL). The reaction mix-
ture was stirred at room temperature for 1 h (1 and 3) or 2 h (5).
After this time, the excess amounts of toluene and hydroborane
were removed under reduced pressure to give corresponding
products 1, 3, and 5.
General procedure for the synthesis of incompletely condensed di-
functionalized POSS derivative 2, 4, and 6 using hydroboranes as
borylating agents. To a 25 mL one-necked round-bottom flask
were added POSS disilanol (1 mmol, 1.0 equiv.), hydroborane
(3 mmol, 3.0 equiv.) and toluene (0.5 mL). The reaction mixture was
stirred at room temperature for 1 h (2 and 4) or 2 h (6). After this
time, the excess amounts of toluene and hydroborane were re-
moved under reduced pressure to give corresponding products 2,
4, and 6.
General procedure for the O-borylation of silanols using pinacol (2-
methylallyl)boronate (Products 7 and 8). To a 50 mL one-necked
round-bottom flask were added: silanol (1.2 mmol, 1.2 equiv.), pina-
col (2-methylallyl)boronate (1 mmol, 1.0 equiv.), acetonitrile
(1.8 mL) and THF (0.2 mL). Then, Sc(OTf)3 (0.02 mmol, 2 mol %) was
added and the reaction mixture was stirred at room temperature
for a defined time. The progress of reaction was monitored by GC
and GC-MS analyses. After the reaction was completed, the solvent
and the excess of borylating agent was evaporated under reduced
pressure. Next, the residue was diluted with hexane and trans-
ferred to another flask (to separate the product from the catalyst).
Next, the solvent was evaporated under reduced pressure to give
the corresponding products 7 and 8.
General procedure for the synthesis of completely condensed
monofunctionalized POSS derivative 1 using pinacol (2-methylal-
lyl)boronate as borylating agent. To a 50 mL one-necked round-
bottom flask were added: POSS monosilanol (1 mmol, 1.0 equiv.),
pinacol (2-methylallyl)boronate (2 mmol, 2.0 equiv.) and the mix-
ture of CH3CN:THF (ratio v/v 1:1, 2 mL). Sc(OTf)3 (0.02 mmol,
2 mol %) was then added and the reaction mixture was stirred at
room temperature for 1 h. After this time, the solvents and the
excess of borylating agent were evaporated under reduced pres-
sure and the product was subsequently separated from the cata-
lyst by adding acetonitrile, which dissolves Sc(OTf)3 but does not
dissolve silsesquioxane derivatives. The product was obtained as a
precipitate, which was then filtered off to give the compound 1 as
a white solid in 88 % yield.
General procedure for the synthesis of incompletely condensed di-
functional silsesquioxane derivative 2 using pinacol (2-methylallyl)-
boronate as borylating agent. To a 50 mL one-necked round-
bottom flask were added: POSS disilanol (1 mmol, 1.0 equiv.), pina-
col (2-methylallyl)boronate (4 mmol, 4.0 equiv.) and the mixture of
CH3CN:THF (ratio v/v 1:1, 2 mL). Then, Sc(OTf)3 (0.04 mmol,
4 mol %) was added and the reaction mixture was stirred at room
temperature for 1 h. After this time, the solvents and the excess of
borylating agent were evaporated under reduced pressure. The
product was then separated from the catalyst by adding acetoni-
trile, which dissolves Sc(OTf)3 but does not dissolve silsesquioxane
derivatives. The product was obtained as an oil, which was then
separated from acetonitrile to give the compound 2 as colourless
oil in 86 % yield.
General procedure for the synthesis of incompletely condensed tri-
functional silsesquioxane derivative 9. To a 50 mL one-necked
round-bottom flask were added: POSS trisilanol (1 mmol,
1.0 equiv.), pinacol (2-methylallyl)boronate (6 mmol, 6.0 equiv.) and
the mixture of CH3CN:THF (ratio v/v 1:1, 2 mL). Then, Sc(OTf)3
(0.04 mmol, 4 mol %) was added and the reaction mixture was
stirred at room temperature for 2 h. After this time, the solvents
and the excess of borylating agent were evaporated under re-
duced pressure. The product was then separated from the catalyst
by adding acetonitrile which dissolves Sc(OTf)3 but does not dis-
solve silsesquioxane derivatives. The product was obtained as an
oil, which was then separated from acetonitrile to give the com-
pound 9 as colourless oil in 83 % yield.
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a r t i c l e i n f oArticle history:
Received 21 June 2018
Revised 27 August 2018








Borasiloxanesa b s t r a c t
Herein, we demonstrate the first use of Nafion as heterogeneous catalyst in O-metalation of compounds
containing SiAOH moiety (silanols and POSS silanols). Our methodology permits efficient and highly
selective formation of SiAOAE bonds (E = Si, Ge, B) within molecules, under mild conditions with excel-
lent yields. This approach allows syntheses of various unsymmetrical disiloxanes, germasiloxanes and
borasiloxanes, as well as introduction of a wide range of functional groups into silsesquioxanes. It is
worth noting that Nafion can be reused for further experiments and its catalytic activity in this process
is well-maintained for more than 10 recycling steps, without a decrease in yield or selectivity.
 2018 Elsevier Inc. All rights reserved.1. Introduction
Conventional methods for the formation of SiAOAE moiety
(E = Si, Ge, B) within molecules are mainly based on the hydrolytic
condensation of halosilanes or halogermanes, etc. [1,2]. Unfortu-
nately, these reactions proceed with the evolution of highly reac-
tive and volatile by-products HX (e.g., HCl, HBr) and suffer from
low functional group tolerance as well as the lack of selectivity.
Therefore, alternative convenient methodologies leading to
SiAOAE bond play a particularly important role in organometallic
synthesis [3–6]. The O-metalation of compounds containing silanol
groups (SiAOH) is the most widely used catalytic method. This
strategy can be further applied, for instance for modification of
the silica surface and other silicon-based materials [7]. It has been
reported that various alcohols, silanols as well as silanediols can
undergo coupling reaction with allyl-substituted organometallic
compounds in the presence of Brønsted or Lewis acids (e.g., p-
TsOH, TfOH, I2 and others) [8–10].
The main area of study in our research group focuses on the use
of allyl-substituted organometallic compounds in the coupling
reactions with silanols in the presence of Lewis acids, in particular
scandium(III) trifluoromethanesulfonate (Sc(OTf)3) [11–14]. Con-
trary to conventional methods, modification of silanols catalyzedby Lewis acids proceeds under mild conditions (rt) and does not
cause formation of corrosive or reactive by-products. The only
by-product of this process is neutral and easy removeable isobu-
tene (Scheme 1).
In the course of our study, we have also discovered the highly
efficient and selective method for the synthesis of versatile
silsesquioxane derivatives via O-silylation, O-germylation and O-
borylation of silsesquioxanes containing silanol groups (known as
POSS silanols) catalyzed by Sc(OTf)3 (Scheme 2) [15–17].
However, the main catalytic methods leading to functionalized
silsesquioxanes are based on homogeneous catalysis [15,16,18–
22]. During our research, we have focused our attention on devel-
oping an alternative approach, using heterogeneous catalytic sys-
tem for modification of POSS silanols. It is worth noting that
commercially available fluorinated polymer Nafion contains in its
structure terminated active acidic sulfonic groups (ASO3H) [23].
Therefore, we have decided to check the possibility of using Nafion
as heterogeneous catalyst in O-metalation of compounds contain-
ing SiAOH groups. So far, this polymer has been widely applied,
mostly in membranes designed for fuel cells [24–33]. There have
been numerous reports presenting the properties and application
of Nafion-functionalized carbon nanotubes [34,35], but Nafion is
also known as a heterogeneous catalyst [36–40]. To the best of
our knowledge, among the papers concerning the use of Nafion
as a heterogeneous catalytic system, there is also a protocol of Solić
group. They have reported Nafion-catalyzed deoxygenative
Scheme 1. O-Metalation of silanols in the presence of Sc(OTf)3.
Scheme 3. Comparison of the activity of Nafion and pure TfOH in O-metalation of
silanols.
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group has used Nafion NR50 as a catalyst in S-acetylation of thiols
[42].
In 1983, Olah and co-workers used Nafion as catalyst for silyla-
tion of alcohols, phenols and carboxylic acids with allylsilanes [43].
Unfortunately, this method requires the inconvenient preparation
of the perfluorinated resin. Moreover, this process involves allylsi-
lanes in the synthesis, which are considerably less reactive than 2-
methylallylsubstituted reagents. Therefore, the disadvantages of
this method include: long reaction time (up to 16 h for phenols),
the use of CCl4 and elevated temperature (reflux). Other inconve-
nience is the necessity of using dry solvent and harsh, anhydrous
conditions, because the synthesized in this process alkoxysilanes
are sensitive towards moisture, acids or bases. This method does
not allow to synthesize functionalized organosilicon compounds
containing SiAOAE moiety (E = Si, Ge, B), which are stable and
have a potential for wide application in material science.
In the light of the fact that design of new, mild methods for O-
metalation of silanols is of high relevance, we have decided to
check the catalytic activity of Nafion in the coupling reaction of
compounds containing SiAOH groups with 2-methylallyl-
substituted reagents. Herein, we present the first approach to O-
metalation of various silanols (both with and without steric hin-
drance) and different POSS silanols (POSS monosilanol, disilanol
and trisilanol) in the presence of Nafion. This methodology is a
novel and original route to various functionalized silsesquioxanes
as well as unsymmetrical disiloxanes, germasiloxanes and
borasiloxanes.2. Results and discussions
We started our research with the examination of the activity of
pure triflic acid (TfOH) in processes involving different silanols as
reagents – silanol with steric hindrance (triisopropylsilanol) as
well as without steric hindrance (tert-butyldimethylsilanol). We
found that the addition of TfOH (2 mol%) into the solution of silanol
in anhydrous solvent (toluene) causes immediately the homocon-
densation of silanols (both with and without steric hindrance).
The formation of self-condensation products – symmetrical dis-
iloxanes was confirmed by GC–MS analysis (Scheme 3). Moreover,
if TfOH was added to a mixture of a silanol (triisopropylsilanol) and
dimethylvinyl(2-methallyl)silane (1.0:1.0 equiv.), we observed a
mixture of products, including the product of homocondenstation
of silanol, disiloxane formed from 2-methylallylsilane, unreactedScheme 2. O-Metalation of POSS s2-methylallylsilane and traces of desired product. This proves that
this reaction catalyzed by pure triflic acid suffers from the lack of
selectivity.
Subsequently, we decided to check the activity of Nafion, which
also contains in its structure active acidic groups (ASO3H). For our
experiments, we used Nafion in the form of pellets (available as
Nafion NR50). Nafion, mixed with different types of silanols such
as tert-butyldimethylsilanol or triisopropylsilanol, was found not
to lead to their homocondensation, even after a long time (1 h).
Encouraged by these results, we added 2-methylallylsilane into a
mixture of silanol and Nafion. To our delight, we have discovered
that silanols can successfully undergo the selective coupling reac-
tion with 2-methylallylsilanes in the presence of Nafion
(Scheme 3). Nevertheless, we also tried to perform the O-
silylation of trimethylsilanol catalyzed by Nafion. Even when
threefold excess of silanol was used, (CH3)3SiOH immediately
underwent homocondensation in the presence of Nafion and only
trace amount of expected product was formed. Due to its high
reactivity, trimethylsilanol is not suitable as regent in this process.
It is worth noting that Nafion is commercially available and
easy to handle. The simplicity of experimental techniques is a sig-
nificant advantage of Nafion over pure TfOH. The other favourable
feature of Nafion is the simplicity of product isolation from the cat-
alyst. After reaction completion, Nafion was filltred off and then
the solvent was removed under reduced pressure to give the
desired product.2.1. O-Metalation of silanols catalyzed by Nafion
We started to optimize the reaction conditions for O-metalation
of silanols in the presence of Nafion. Four pellets (170 mg) of
Nafion NR50 for 1 mmol of silanol were required to achieve the
full conversion within 1 h (Tables 1 and 2). The reactions were
carried out under mild conditions (rt, air atmosphere). We testedilanols catalyzed by Sc(OTf)3.
Scheme 4. O-Silylation of silanediol catalyzed by Nafion.
Table 1
Optimization of O-silylation of silanols catalyzed by Nafion.
Solvent The molar ratio silanol:silylating agent Catalyst loadinga Time (h) Conversionb (%)
Toluene 1:1 128 mg (3 pellets) 2 60
1:1 170 mg (4 pellets) 1 99
Dichloromethane 1:1 170 mg (4 pellets) 1 99
Acetonitrile 1:1 170 mg (4 pellets) 1 99
Tetrahydrofuran 1:1 170 mg (4 pellets) 1 Traces
Diethyl ether 1:1 170 mg (4 pellets) 1 Traces
a The exact mass and the number of pellets of Nafion NR50 per 1 mmol of silanol.
b Conversion of silanol determined by GC analysis.
Table 2
The synthesis of disiloxanes, germasiloxanes and borasiloxanes mediated by Nafion.





Reaction conditions: For compounds 1–6: 170 mg (4 pellets) of Nafion per 1 mmol
of silanol, ratio of silanol:allylsilane/germane/borane = 1.0:1.0, toluene, rt, 1 h.
For compound 7: 220 mg (5 pellets) of Nafion per 1 mmol of silanediol, ratio of
silanol:allylsilane/germane/borane = 1.0:2.5, toluene, rt, 1 h.
a Isolated yield.
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acetonitrile, THF, diethyl ether, etc.). The solvent screening is
presented in Table 1. As a result, we discovered that Nafion showed
the catalytic activity in various types of solvents (e.g., toluene,
dichloromethane, acetonitrile), with no significant difference in
conversion or reaction time. However, when diethyl ether or THF
were used in this process, we did not get good results. This led
us to the conclusion that ether solvents are not appropriate for this
synthesis. For our next experiments, we decided to perform reac-
tions in toluene.
Our research has proved that Nafion is a highly efficient and
selective catalyst in O-metalation of various types of silanols (with
and without steric hindrance) with different coupling reagents (not
only with 2-methylallylsilanes, but also with 2-
methylallylgermanes and 2-methylallylboranes). We developed
new, convenient catalytic method for the formation of SiAOAE
bond (E = Si, Ge, B) which allows the synthesis of unsymmetricaldisiloxanes, germasiloxanes, borasiloxanes in excellent yields
ranging from 75 to 99% (Table 2).
Moreover, we also investigated O-metalation of silanediol and
obtained derivative 7 (Scheme 4, Table 2, compound 7).
The purity of obtained compounds was determined by NMR
spectroscopy (1H, 13C, 29Si NMR) as well as EI-MS analysis. All spec-
troscopic data are shown in Supporting Information File.
The main advantages of this methodology include excellent effi-
ciency and high chemoselectivity, mild reaction condition (rt, air
atmosphere), short reaction time (1 h), wide scope of substrates
and no corrosive by-products formed during the reaction. The only
by-product is a harmless olefin, which is easy to remove.
2.2. Recycling of nafion NR50 in the O-metalation of silanols
It is worth emphasizing that Nafion NR50 was successfully
reused in our experiments without a significant loss of perfor-
mance in more than 10 cycles (each time, 95–99% isolated yield
with good selectivity). For each catalytic cycle, we used 1 mmol
of triisopropylsilanol, 1 mmol of (2-methylallyl)dimethylvinylsi
lane, 4 pellets (170 mg) of Nafion and toluene as solvent. Conver-
sion after each catalytic cycle was determined by GC analysis.
Fig. 1 shows the yield of the product after each cycle (1 h).
2.3. O-Metalation of POSS silanols catalyzed by Nafion
Silsesquioxanes belong to organosilicon compounds which have
recently attracted considerable attention due to their hybrid struc-
ture, unique properties and versatile applications (e.g., in material
chemistry, catalysis, medicine, engineering, various areas of opto-
electronics, etc.) [19,44–49]. For this reason, silsesquioxanes are
important building blocks in material science.
Encouraged by our results for Nafion-mediated O-metalation of
simple silanols, we decided to apply this presented methodology
for functionalization of silsesquioxanes containing SiAOH groups
(POSS silanols). We employed Nafion as a catalyst in the coupling
reactions between POSS silanols and 2-methylallyl-substituted
reagents.
In our previous reports, we have performed the coupling
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Fig. 1. Recycling of Nafion NR50 in O-silylation of silanols.
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by TfOH (4 mol%) in toluene. We observed that pure triflic acid
leads to the decomposition of silsesquioxanes cage, in particular
of incompletely condensed ones [15,16]. This is why, TfOH is
unsuitable for functionalization of silsesquioxanes. The 1H NMR
spectrum of the results and partial decomposition of POSS trisi-
lanol are presented in Supporting Information File.
It is worth emphasizing that the use of Nafion is advantageous
over pure triflic acid (TfOH) because of the simplicity of experi-
mental techniques and separation the catalyst from the reaction
mixture. More importantly, our study has proved that Nafion does
not cause partial decomposition of silsesquioxanes (Scheme 5).Scheme 5. Comparison of the activity of Nafion and TfOH in O-metalation of POSS
silanols.
Scheme 6. O-Metalation of silsesquioxanes (Herein, we present a novel, effective, selective as well as
remarkably convenient methodology for the synthesis of function-
alized silsesquioxanes, mediated by Nafion (Scheme 6). This proto-
col is a significant extension of our study on O-metalation of
silsesquioxanes. It is worth pointing out that Nafion is less expen-
sive than Sc(OTf)3, used in our previous research as the catalyst for
O-metalation of POSS silanols.
In the light of the fact that POSS silanols are bulkier reagents in
comparison to simple silanols and may show slight difference in
reactivity, we optimized the reaction conditions for O-metalation
of POSS monosilanol. We used 2-methylallylsilane containing vinyl
groups as silylating reagent, because vinyl groups are easily
detected by NMR spectroscopy. We tested the influence of differ-
ent solvents (toluene, dichloromethane, etc.) (Table 3). The best
results were achieved for anhydrous toluene, using 4 pellets
(170 mg) of Nafion per 1 mmol of POSS monosilanol and the molar
ratio POSS silanol:silylating agent as 1:1.5. We obtained the
desired product with excellent yield at room temperature within
a short period of time (1 h). The excessive amount of O-
metalating reagent as well as solvent were removed under pres-
sure after reaction completion.
Subsequently, these optimal conditions were applied to the
functionalization of other POSS silanols (POSS disilanol and POSS
trisilanol). For modification of these incompletely condensed
silsesquioxanes higher catalyst loading was required to achieve
the full conversion within 1 h (namely, 5 pellets (220 mg) of Nafion
per 1 mmol of POSS disilanol or trisilanol).
The Nafion-mediated O-metalation of POSS silanols with allyl-
substituted organometallic compounds also provides the solution
for introducing germanoorganic and boroorganic functionalities
into silsesquioxane molecules. As a result, various types of multi-POSS silanols) in the presence of Nafion.
Table 4










For compounds 11–15: 220 mg (5 pellets) of Nafion per 1 mmol of POSS disilanol,
toluene, rt, 1 h, ratio of silanol:allylsilane/germanane/borane = 1.0:2.5.
For compounds 16–17: 220 mg (5 pellets) of Nafion per 1 mmol of POSS trisilanol,
toluene, rt, 1 h, ratio of silanol:allylsilane/germanane/borane = 1.0:3.5.
a Isolated yield; Reaction conditions: For compounds 8–10: 170 mg (4 pellets) of
Nafion per 1 mmol of POSS monosilanol, toluene, rt, 1 h, ratio of silanol:allylsilane/
germanane/borane = 1.0:1.5.
Table 3
Optimization of O-silylation of POSS silanols catalyzed by Nafion.
Solvent The molar ratio POSS silanol:silylating agent Catalyst loadinga Time (h) Conversionb (%) Isolated Yield (%)
Toluene 1:1.2 170 mg (4 pellets) 1 80 75
1:1.5 170 mg (4 pellets) 1 99 98
Dichloromethane 1.1.5 170 mg (4 pellets) 1 95 90
Acetonitrilec – – – – –
a The exact mass and the number of pellets of Nafion NR50 per 1 mmol of POSS silanol.
b Conversion of POSS monosilanol determined by crude NMR analysis.
c Due to the poor solubility of silsesquioxanes in acetonitrile.
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lent yields (Table 4). The purity of obtained compounds was con-
firmed by NMR spectroscopy (1H, 13C, 29Si NMR). All spectra are
presented in Supporting Information File.The significant advantages of this approach include: high effi-
ciency and selectivity, excellent yields (ranging from 77% to 98%)
as well as short reaction time (1 h). It should be emphasized, that
this presented methodology allows the convenient functionaliza-
tion of silsesquioxanes under mild conditions (rt, air atmosphere),
omitting the evolution of harmful by-products.2.4. Recycling of Nafion NR50 in the O-metalation of POSS silanols
We have also proved that Nafion NR50 can be used in many
catalytic cycles in O-metalation of POSS silanols. Firstly, we used
1 mmol of POSS monosilanol for each catalytic cycle (molar ratio
POSS silanol:2-methylallylsilane = 1.0:1.5), 220 mg of Nafion (5
pellets) per 1 mmol of POSS monosilanol and toluene as a solvent.
The conversion after each catalytic cycle (1 h) was determined by
crude NMR analysis. We found out, that the catalytic performance
of Nafion NR50 was efficient in more than 10 recycling steps,
without a decrease in yield or selectivity (Figs. 2, 3).
Moreover, we investigated the recycling of Nafion NR50
in the O-metalation of POSS disilanol, using 1 mmol of POSS
disilanol for each catalytic cycle (molar ratio POSS silanol:
2-methylallylsilane = 1.0:2.5), 440 mg of Nafion (10 pellets) per
1 mmol of POSS disilanol and toluene as a solvent. The conversion
after each catalytic cycle (1 h) was also confirmed by NMR spec-
troscopy. As a result of this experiment, we have discovered that
the catalytic activity of Nafion NR50 in O-metalation of incom-
pletely condensed silsesquioxanes (POSS disilanol) was also well-
maintained in more than 10 recycling steps (Fig. 4).
Furthermore, in order to determine the concentration of ASO3H
groups on the surface of the catalyst, we prepared the aqueous
solution of NaOH and performed the titration of Nafion in the pres-
ence of phenolphthalein as an indicator. Nafion pellets were put in
solvents such as acetonirtyle or water and the basic solution was
added dropwise, until the pink colour of indicator was constant.
According to the titration results, we assessed that the approxi-
mate concentration of sulfonic groups on the surface of Nafion is
19.25 lmol for 1 Nafion pellet. Therefore, in the syntheses, where
4 pellets of Nafion were used for 1 mmol of compound, 77.0 lmol
ofASO3H groups were required for full conversion, which allows to
assess the catalyst loading (7.70 mol%). Similarly, in the syntheses,
where 5 pellets of Nafion were used for 1 mmol of compound,
approximately 96.3 lmol of ASO3H groups were reqiured, which
allows to assess the catalyst loading (9.63 mol%). Our attempt to
determine the amount of sulfonic groups for Nafion NR50 and
results of titration are shown to the Supporting Information. The
results of the titration were similar for the use of acetonitrile and
water, therefore we present the data for the aqueous titration.
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Fig. 3. Recycling of Nafion NR50 in O-silylation of POSS monosilanol.
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coupling reaction between silanol and 2-methylallyl-containing
reagent in the presence of acid (TfOH or Lewis acid) is explainedby the formation of a tertiary carbocation as intermediate. Accord-
ing to literature, this step is followed by elimination of isobutene
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Fig. 4. Recycling of Nafion NR50 in O-silylation of POSS disilanol (using 10 pellets
of Nafion).
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In conclusion, we have devised a new catalytic method for the
formation of SiAOAE bond (E = Si, Ge, B), which can also be applied
to silsesquioxane molecules. We have proved that commercially
available polymer Nafion can function as an active and highly
selective heterogeneous catalyst in the O-metalation of silanols
as well as POSS silanols. Moreover, we have proved that this cata-
lyst can be reused in this process and the activity of Nafion is well-
maintained for more than 10 catalytic steps, without a decrease in
yield or selectivity. This novel methodology is a remarkably conve-
nient synthetic route to various siloxanes, germasiloxanes and
borasiloxanes. What is more, it also allows the synthesis of various
silsesquioxane derivatives, under mild conditions, with no corro-
sive by-products. We have presented a new catalytic approach to
functionalization of silsesquioxanes, which may be of high rele-
vance and practical use, because functionalized silsesquioxanes
are widely applied in many fields of material science.4. Experimental section
4.1. Materials and methods
The reagents used for experiments were purchased from
Sigma-Aldrich Co. and ABCR GmbH & Co. KG. Various 2-methyl-
allylsilanes, -germanes and -boranes were synthesized from
chlorosilanes, -germanes and -boranes, respectively, via the
Grignard reaction. POSS compounds were obtained from Hybrid
Plastics. Triflic acid was purchased from ABCR. Nafion NR50 (in
the form of pellets) was purchased from Sigma Aldrich Co. Reac-
tions were carried out under air atmosphere. The structure of prod-
ucts was determined by NMR spectroscopy. The spectra 1H NMR
(400 MHz), 13C NMR (101 MHz), 29Si NMR (79 MHz) were recorded
on a Bruker Avance III HD NanoBay spectrometer using C6D6 as sol-
vent. GC analyses were carried out on a Bruker Scion 436 GC (col-
umn: DB-5 30 m I.D. 0.53 mm) equipped with TCD. The GC yields
of the crude products were calculated using decane as an internal
standard. Mass spectra of a few products were determined by
GC–MS analysis on a Varian Saturn 2100T, equipped with a BD-5
capillary column (30 m) and Finnigan Mat 800 ion trap detector.
4.2. Synthetic procedures
4.2.1. General procedure for the preparation of 2-
methylallylsubstituted compounds
Chlorosilane or chlorogermanane (0.1 mol, 1 eq.) THF (30 mL)
were added under inert argon atmosphere into a two-necked
round-bottom flask, equipped with a condenser and magneticstirring bar. Then, a solution of Grignard reagent 2-
methylallylmagnesium chloride (0.15 mol, 1.5 eq, concentration
1 M in THF) was added dropwise into a flask. The reaction was
stirred under argon atmosphere for 2 h. After that, the solvent
was evaporated. The reaction mixture was extracted with hexane.
Next, hexane was evaporated and the crude product was
distilled under reduced pressure to obtain corresponding 2-
methylallylsubstituted reagent. (Yield = 88–95%).
4.2.2. General procedure for the O-metalation of silanols in the
presence of Nafion NR50
Silanol (1.0 mmol, 1.0 eq.), 2-methylallyl-substituted silane,
germane or borane (1.0 mmol, 1.0 eq.), toluene (1 mL) and Nafion
NR50 (170 mg, 4 pellets) were added to a 25 mL one necked round
bottom flask, equipped with a stirring bar and closed with a stop-
per under air atmosphere. The reaction mixture was stirred at
room temperature for 1 h. Reaction progress was monitored by
GC analyses. After the reaction completion, the solution was sepa-
rated from the catalyst by filtration. Next, solvent was removed
under reduced pressure to give the products 1–6.
4.2.3. General procedure for the O-metalation of silanediol in the
presence of Nafion NR50
Silanediol (1.0 mmol, 1.0 eq.), 2-methylallyl-substituted silane
(2.5 mmol, 2.5 eq.), toluene (1 mL) and Nafion NR50 (220 mg, 5
pellets) were added to a 25 mL one necked round bottom flask,
equipped with a stirring bar and closed with a stopper under air
atmosphere. The reaction mixture was stirred at room temperature
for 1 h. Reaction progress was monitored by GC analyses. After the
reaction was complete, the solution was separated from the cata-
lyst by filtration. Next, all volatilities – solvent and the excess of
silane were removed under reduced pressure to give the product 7.
4.2.4. Recycling of Nafion NR50 in the O-metalation of silanols
Silanol (1.0 mmol, 1.0 equiv), 2-methylallyldimethylvinylsilane
(1.0 mmol, 1.0 equiv), toluene (1 mL), and Nafion NR50 (170 mg,
4 pellets) were added to a 25 mL one necked round bottom flask,
equipped with a stirring bar and closed with a stopper under air
atmosphere. The reaction mixture was stirred at room temperature
for 1 h and the reaction progress was monitored by GC analyses.
After the reaction was complete, the solution was separated from
the catalyst by filtration. Next, solvent was removed under reduced
pressure to give 1. Recovered Nafion NR50 was reused in the next
experiments. The catalytic performance of Nafion NR50 was effi-
cient and well-maintained in more than 10 recycling steps with
yields of 9995%.
4.2.5. General procedure for the O-metalation of POSS monosilanol in
the presence of Nafion NR50
POSS monosilanol (1.0 mmol, 1.0 eq.), 2-methylallyl-
substituted reagent (silane, germanane or borane) (1.5 mmol,
1.5 eq.), toluene (1 mL) and Nafion NR50 (170 mg, 4 pellets) were
added to a 25 mL one necked round bottom flask, equipped with a
stirring bar and closed with a stopper under air atmosphere. The
reaction mixture was stirred at room temperature for 1 h. After this
time, the solution was separated from the catalyst by filtration.
Next, solvent was removed under reduced pressure. Subsequently,
acetonitrile (2 mL) was added to dissolve the excess of 2-
methylallyl-substituted silane, germane or borane. The products
8–10 were obtained as precipitates.
4.2.6. General procedure for the O-metalation of POSS disilanol in the
presence of Nafion NR50
POSS disilanol (1.0 mmol, 1.0 eq.), 2-methylallyl-substituted
reagent (silane, germanane or borane) (2.5 mmol, 2.5 eq.), toluene
(1 mL) and Nafion NR50 (220 mg, 5 pellets) were added to a
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and closed with a stopper under air atmosphere. The reaction mix-
ture was stirred at room temperature for 1 h. After this time, the
solution was separated from the catalyst by filtration. Next, solvent
was removed under reduced pressure. Subsequently, acetonitrile
(2 mL) was added to dissolve the excess of 2-methylallyl-
substituted silane or borane. The products 11–15 were obtained
as precipitates or oils.4.2.7. General procedure for the O-metalation of POSS trisilanol in the
presence of Nafion NR50
POSS trisilanol (1.0 mmol, 1.0 eq.), 2-methylallyl-substituted
reagent (3.5 mmol, 3.5 eq.), toluene (1 mL) and Nafion NR50
(220 mg, 5 pellets) were added to a 25 mL one necked round bot-
tom flask, equipped with a stirring bar and closed with a stopper
under air atmosphere. The reaction mixture was stirred at room
temperature for 1 h. After this time, the solution was separated
from the catalyst by filtration. Next, solvent was removed under
reduced pressure. Subsequently, acetonitrile (2 mL) was added to
dissolve the excess of 2-methylallyl-substituted silane. The prod-
ucts 16–17 were obtained as oils.4.2.8. Recycling of Nafion NR50 in the O-metalation of POSS
monosilanol
POSS monosilanol (1.0 mmol, 1.0 equiv), (2-methylallyl)dime
thylvinylsilane (1.5 mmol, 1.5 equiv), toluene (1 mL), and Nafion
NR50 (220 mg, 5 pellets) were added to a 25 mL one necked round
bottom flask, equipped with a stirring bar and closed with a stop-
per under air atmosphere. The reaction mixture was stirred at
room temperature for 1 h. After this time, the solution was sepa-
rated from the catalyst by filtration. Next, solvent and the excess
of 2-methylallylsilane were removed under reduced pressure to
give 8. Recovered Nafion NR50 was reused in the next experi-
ments. The catalytic performance of Nafion NR50 was efficient
and well-maintained in more than 10 recycling steps with yields
of 9990%.4.2.9. Recycling of Nafion NR50 in the O-metalation of POSS disilanol
POSS disilanol (1.0 mmol, 1.0 equiv), (2-methylallyl)dimethylvi
nylsilane (2.5 mmol, 2.5 equiv), toluene (1 mL), and Nafion NR50
(440 mg, 10 pellets) were added to a 25 mL one necked round bot-
tom flask, equipped with a stirring bar and closed with a stopper
under air atmosphere. The reaction mixture was stirred at room
temperature for 1 h. After this time, the solution was separated
from the catalyst by filtration. Next, solvent and the excess of 2-
methylallylsilane were removed under reduced pressure to give
11. Recovered Nafion NR50 was reused in the next experiments.
The catalytic performance of Nafion NR50 was efficient and
well-maintained during over 10 recycling steps with yields of
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ABSTRACT: A commercially available and stable ruthenium
dodecacarbonyl catalyst (Ru3(CO)12) allows very efficient and
convenient access to functionalized silsesquioxanes (SQs)
containing siloxane moiety (Si−O−Si) via dehydrogenative
coupling of POSS-silanols with hydrosilanes. With the aid of
SiH-containing silsesquioxanes, an unprecedented one-pot
procedure has been revealed, and the usefulness of this
approach was demonstrated by the synthesis of various
derivatives via O-silylation, as well as CC and CN
hydrosilylation.
■ INTRODUCTION
POSS (polyhedral oligomeric silsesquioxanes) represent one of
the most investigated groups among silicon compounds. They
have attracted a lot of attention due to their unique features and
the possibility of applying them as precursors to nano-
composites.1−5 Therefore, the novel methods of POSS synthesis
and functionalization, as well as their use in material chemistry,
are a key part of current scientific studies in this field.6−16 Of the
different methods, the conventional approaches for the synthesis
of SQs and their further functionalization are mainly based on
the hydrolytic condensation of halosilanes or alkoxysilanes.1,6
The most fundamental disadvantage of these solutions is the
formation of highly reactive and volatile byproducts as hydrogen
halides. Because of this, it is necessary to use large amounts of
bases. What is more, most of these methods suffer from poor
selectivity and low functional group tolerance. Therefore, novel
approaches for the synthesis and functionalization of POSS
molecules are being developed, taking into account the
utilization of less sensitive reagents. Our research team has
recently placed a strong focus on the use of metal triflates
(especially Sc(OTf)3) and Nafion as catalysts in O-silylation, O-
germylation, and O-borylation of silanols and POSS-sila-
nols.17−24 The mentioned protocols allow us to obtain a library
of unsymmetrical disiloxanes, symmetrical tri- and tetrasilox-
anes, oligosiloxanes, germasiloxanes, borasiloxanes, and func-
tionalized SQs under extremely mild conditions (rt). In most of
these routes, several 2-methylallylsilanes were utilized. These
derivatives are known as very effective silylating agents,25,26 as
well as their vinyl analogues.27−31 However, it seems clear that
the possibility of applying the hydrosilanes would allow one to
develop even more atom-economic processes. The methods
describing the silylation of alcohols and phenols are well
known.32−37 On the other hand, in the case of silanols this has
not been extensively investigated. Michalska reported that
homogeneous and silica-supported rhodium(I) complexes
might be used for the reaction of several silanols with a series
of various hydrosilanes.38 Anderson et al. described a direct
conversion of hydride-terminated silicon quantum dots
mediated by radical initiators.39 Recently, the Shimada group
has reported a pioneering work on the selective synthesis of
hydro-substituted siloxanes and SQs by Au-catalyzed dehydro-
genative cross-coupling reaction of hydrosilanes with com-
pounds containing silanol groups.40 Also worthy of note is the
comprehensive use of B(C6F5)3 as the catalyst in the processes
utilizing silanols41,42 and alkoxysilanes.43,44 That idea was
subsequently developed by the Shimada group to synthesize a
library of sequence-controlled oligosiloxanes via a one-pot
procedure.45−47 Finally, Shankar et al. reported the conversion
of hydrosilanes into poly(siloxanes) mediated by gold and
palladium nanoparticles.48,49 In this context, the additional
benefits related to one-pot procedures also need to be
underlined.50−56 Higher efficiency, easier purification process,
as well as higher yields are among them. In this paper, we present
a highly chemoselective and efficient method for the
dehydrogenative coupling of a variety of hydrosilanes with
POSS silanols catalyzed by the commercially available and stable
ruthenium dodecacarbonyl catalyst (Ru3(CO)12). This allows
very efficient and convenient access to functionalized
silsesquioxanes containing siloxane moiety. Furthermore, the
SiH-containing SQs have been simultaneously transformed via
unprecedented one-pot procedures based on O-silylation, as
well as CC and CN hydrosilylation reactions (Figure 1).
■ MATERIALS AND METHODS
The catalyst and reagents used for the experiments were purchased
from Sigma-Aldrich Co. POSS compounds were obtained from Hybrid
Plastics. Reactions were carried out under argon atmosphere. The
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structure of products was determined by NMR spectroscopy. The 1H
NMR (400 MHz), 13C NMR (101 MHz), and 29Si NMR (79 MHz)
spectra were recorded on a Bruker Avance III HD NanoBay
spectrometer, using C6D6 as the solvent.
General Procedure for the Synthesis of Compounds 1−14.
To a 25 mL Schlenk flask equipped with a stirring bar, POSS
monosilanol (1.0 mmol, 1.0 equiv), hydrosilane (1.5 mmol, 1.5 equiv,
products 1−10 and 13−14) or dihydrosilane (2.0 mmol, 2 equiv,
products 11 and 12), and 2 mL of toluene were added under argon
atmosphere. Subsequently, Ru3(CO)12 (0.04 mmol, 4 mol %) was
added, and the reactionmixture was stirred at 120 °C for 24 h. After this
time, the solvent and all volatiles were evaporated under reduced
pressure. Next, the product was separated from the catalyst and the
excess of silane by adding acetonitrile (2 mL). The desired product is
not soluble in acetonitrile in contrast to other substances in the reaction
mixture (i.e., catalyst, remained substrates, and traces of symmetrical
disiloxanes). Finally, the crude products were separated from the filtrate
and dried under reduced pressure to give the corresponding
compounds 1−14. The general procedure for products 15−17 was
exactly the same (in this case 3 equiv of hydrosilane was used). The
functionalized SQs (1−4, 6−11, and 15−17) are known in the
literature.20,23,57−59 The functionalized SQs 5 and 12−14 are new
derivatives.
General Procedure for theOne-Pot Synthesis of Compounds
18−24. To a 25 mL Schlenk flask equipped with a stirring bar, POSS
monosilanol (1.0 mmol, 1.0 equiv), diethylsilane (1.5 mmol, 1.5 equiv),
and 2 mL of toluene were added under argon atmosphere.
Subsequently, Ru3(CO)12 (0.04 mmol, 4 mol %) was added, and the
reaction mixture was stirred at 120 °C for 24 h. After this time, excess
(4−5 equiv) reagent (i.e., vinylsilane, olefin, benzothiazole, silanol, or
alcohol) was added, and the reaction mixture was stirred at 120 °C for
24 h. Then, the solvent and all volatiles were evaporated under reduced
pressure. Next, the product was separated from the catalyst and the
excess of substrate by adding acetonitrile (2 mL). The desired product
is not soluble in acetonitrile in contrast to other substances in the
reaction mixture (i.e., catalyst, remained substrates, traces of sym-
metrical disiloxanes, and hydrosilylation/silylation byproducts).
Finally, the crude products were separated from the filtrate and dried
under reduced pressure to give the corresponding compounds 18−24
(new derivatives).
■ RESULTS AND DISCUSSION
As a starting point, we chose to start with the optimization of the
process. Encouraged by the work reported byOjima et al. (about
the dehydrogenative silylation of alcohols and carboxylic
acids),60 we decided to examine commercially available and
stable ruthenium catalysts, namely, (p-cymene)ruthenium
dichloride dimer ([RuCl2(p-cymene)]2) and ruthenium dodec-
acarbonyl cluster (Ru3(CO)12). We considered the reaction
between dimethylphenylsilane (1.5 equiv) with POSS mono-
silanol (1.0 equiv) under various conditions. The results are
summarized in Table 1.
We found that the reaction gives the best results only for the
ruthenium cluster (Table 1). This transformation was carried
out in toluene due to the high temperature of the reaction (120
°C) and excellent solubility of the SQs. With the optimized
conditions achieved, we then proceeded to examine the
generality of the ruthenium-mediated dehydrogenative coupling
of POSS mono- and disilanols with several hydrosilanes. The
results are summarized in Table 2.
All of the POSS silanols underwent the dehydrogenative
coupling with several hydrosilanes in the presence of 4 mol %
Ru3(CO)12 (monosilanols) or 8 mol % Ru3(CO)12 (disilanols)
and afforded the corresponding siloxyl-substituted SQs in
excellent yields (81−98%) with high chemoselectivity (Table
3, all entries). Notably, the reactions of dihydrosilanes (Table 2,
products 11 and 12) led exclusively to SQs bearing SiH
functionalities. The remaining excess of hydrosilane was easily
removed under reduced pressure.
Having developed a good siloxane-bond-forming reaction, we
next focused on a one-pot synthesis. The use of Ru3(CO)12 in
organosilicon chemistry is well described in the literature.61−66
Because of that, we decided to investigate a one-pot idea utilizing
a two-step pathway, namely, the dehydrogenative coupling of
POSS silanol with dihydrosilane (the formation of SQs bearing
SiH group) and subsequent use of obtained derivatives in O-
silylation or hydrosilylation reactions (Figure 2).
The hypothesis mentioned above was successfully verified as
summarized in Table 3. In the presence of 4 mol % Ru3(CO)12,
the dehydrogenative cross-coupling of POSS monosilanol with
diethylsilane afforded SQs bearing SiH functionalities. After
completion of this step, the remaining Si−H group was
subsequently utilized in a CC hydrosilylation (products
18−20), a CN hydrosilylation (product 21), and a
consecutive dehydrogenative coupling with alcohols (product
24) and silanols (products 22 and 23). All reactions were carried
out successively in a single flask without any additional workup.
What is more, an amount of ruthenium cluster (4 mol %) added
during the first step was also sufficient to promote the second
step of these transformations. In this procedure the remaining
substrate bearing SiH functionality also undergoes the hydro-
silylation or silylation reaction; however, formed byproduct as
well as remaining olefins are highly soluble in acetonitrile and
Figure 1. One-pot pathway to functionalized silsesquioxanes mediated by Ru3(CO)12.
Table 1. Comparison of the Catalytic Activity of Ruthenium















2 80 traces 2 80 traces
2 120 traces 2 120 50
4 80 traces 4 80 traces
4 120 traces 4 120 98
a24 h in toluene. bDetermined by crude NMR.
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can be easily separated from the desired product (which is
insoluble).
On the basis of our previous results62 and published
literature,38,64,67,68 the followingmechanism is proposed (Figure
3).
We have already confirmed the oxidative addition of the
hydrosilane to ruthenium cluster that affords the ruthenium
hydride complex, and this actually has also been recognized by
other groups.64,68,69 This is probably followed by a nucleophilic
attack of the POSS silanol group on the silicon atom in the silyl
ligand. Finally, a new siloxane moiety is formed, and a simple
dihydrogen molecule is released (the formation of dihydrogen
was confirmed by a 1H NMR singlet at 4.47 ppm).
■ CONCLUSIONS
In summary, a novel approach to introduce siloxyl functionalities
into silsesquioxanes has been developed. A commercially
available and stable ruthenium dodecacarbonyl catalyst
[Ru3(CO)12] allows very efficient and convenient access to
functionalized silsesquioxanes via a dehydrogenative coupling of
POSS-silanols with hydrosilanes. What is more, the reactions of
dihydrosilanes led exclusively to silsesquioxanes bearing SiH
Table 2. Ru-Catalyzed O-Silylation of POSS Silanols with Hydrosilanesa
aConditions: toluene, Ru3(CO)12 4 mol % (monosilanols) or 8 mol % (disilanols), argon atmosphere, 120 °C, and 24 h. Molar ratio of the POSS
monosilanol/silane reagent ratio is 1.0:1.5. Molar ratio of the POSS disilanol/silane reagent ratio is 1.0:3.0. bIsolated yields of compounds 1−17.
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functionalities. These hydride-terminated SQ cages turned out
to be highly useful derivatives for the synthesis of more
functionalized organosilicon compounds via a one-pot proce-
dure. To the best of our knowledge, this is the first example of
such one-pot synthesis achieved in case of a dehydrogenative
coupling involving POSS silanols. Further extensions of the
presented solution and related applications are currently being
undertaken.
Table 3. One-Pot Synthesis of Functionalized Silsesquioxanes Mediated by Ru3(CO)12
a
aToluene, argon atmosphere, 120 °C, and 24 h. bIsolated yields of compounds 18−24.
Figure 2. Ru-catalyzed one-pot synthesis of functionalized SQs.
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Gyepes, R.; Pinkas, J. Reactivity of a Titanocene Pendant Si-H Group
toward Alcohols. Unexpected Formation of Siloxanes from the
Reaction of Hydrosilanes and Ph3COH Catalyzed by B(C6F5)3.
Organometallics 2013, 32 (15), 4122−4129.
(43) Chojnowski, J.; Rubinsztajn, S.; Cella, J. A.; Fortuniak, W.;
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Copper(II) triflate-mediated synthesis of
functionalized silsesquioxanes via
dehydrogenative coupling of POSS silanols with
hydrosilanes†
Joanna Kaźmierczak* and Grzegorz Hreczycho *
In light of the fact that the design of new catalytic routes leading
to functionalized silsesquioxanes is currently of high relevance;
herein we report a novel, highly effective and convenient catalytic
approach for the modification of silsesquioxanes. We present a
dehydrogenative coupling reaction of completely as well as
incompletely condensed POSS silanols with a wide range of com-
mercially available hydrosilanes mediated by inexpensive copper(II)
trifluoromethanesulfonate. This research also includes mechanistic
studies for this process.
Introduction
Silsesquioxanes (SSQs) represent one of the most interesting
classes of organosilicon compounds.1,2 They have attracted
much attention due to their well-defined, nano-sized, hybrid
structure, unique properties and wide application in materials
science.3–10 Despite the great potential of SSQs, conventional
methods for the modification of silsesquioxanes are mainly
based on the hydrolytic condensation of reactive and moisture-
sensitive reagents (e.g., chlorosilanes).1 Unfortunately, these
reactions proceed with the evolution of highly corrosive by-pro-
ducts (HCl and HBr) and suffer from the lack of selectivity and
low functional group tolerance. On the other hand, the cata-
lytic approach to functionalized silsesquioxanes is still being
investigated.1,11–15 In the course of our study, we developed
various mild methods for the formation of Si–O–E (E = Si, Ge,
B) bonds within molecules mediated by Lewis acids (e.g.,
Sc(OTf)3 and other triflates).
16–22 We used this strategy to
develop a catalytic method for the modification of SSQs via the
coupling reaction of silsesquioxanes containing Si–OH groups
(POSS silanols) with allyl-substituted organometalloid com-
pounds catalyzed by scandium(III) trifluoromethanesulfonate
(Sc(OTf)3).
23–25 Moreover, we also discovered a heterogeneous
catalytic method for the modification of silsesquioxanes, using
Nafion, which is a heterogeneous and reusable catalyst of this
process.26 Nevertheless, allyl-substituted reagents used in this
procedure are not commercially available and have to be syn-
thesized from moisture-sensitive chlorosilanes.
For this reason, we wanted to focus on employing easily
accessible, inexpensive and non-toxic reagents in the process
of SSQs modification. Recently, we have also reported the
ruthenium-catalyzed synthesis of functionalized silsesquiox-
anes via dehydrogenative coupling of POSS silanols with
hydrosilanes.27 However, due to the high cost of ruthenium
complexes, we decided to enhance this synthetic strategy. The
aim of this research was to find mild conditions for this
process and investigate new, alternative, less expensive and
more effective catalysts.
Herein, we present a novel, efficient and convenient cata-
lytic method for the synthesis of functionalized silsesquiox-
anes via dehydrogenative coupling of POSS silanols with com-
mercially available silanes in the presence of inexpensive
copper(II) trifluoromethanesulfonate (triflate) (Cu(OTf)2).
Results and discussion
Firstly, we investigated different triflates (M(OTf)n, M = Sc, Zn,
Ca, Mg, Fe, Ag, Cu, etc.) as potential catalysts in the dehydro-
genative coupling of POSS silanols with hydrosilanes. We
applied the same reaction conditions and we discovered that
only silver and copper(II) triflate give satisfactory results.
However, Cu(OTf)2 (4 mol%) shows significantly better activity
in this reaction, even compared to higher catalyst loading of
AgOTf (8 mol%). The comparison of various triflates is sum-
marized in Table 1. It is well known that Cu(OTf)2 and its com-
plexes have been widely used in organic synthesis.28–34 On the
other hand, the study of other Cu(II)-compounds has recently
shown that Cu3(BTC)2 (BTC = 1,3,5-benzenetricarboxylic acid)
can be applied as a catalyst in the coupling reaction of silanes
†Electronic supplementary information (ESI) available: Characterization data:
IR, NMR and others. See DOI: 10.1039/c9dt01135h
Faculty of Chemistry, Adam Mickiewicz University in Poznań, Umultowska 89b,
61-614 Poznań, Poland. E-mail: g.h@amu.edu.pl
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with alcohols, which has been reported by Dhakshinamoorthy
et al.35 Nevertheless, to the best of our knowledge, copper(II)
triflate has not yet been applied in the catalytic modification
of SSQs, in particular POSS silanols. Encouraged by our pre-
liminary results, we decided to employ Cu(OTf)2 in the
functionalization of silsesquioxanes and, more precisely, in
the dehydrogenative coupling of POSS silanols with
hydrosilanes.
Firstly, we started with the optimization of reaction con-
ditions for functionalization of POSS monosilanol. We used
phenyldimethylsilane as the silylating reagent for the optimiz-
ation process, because the reaction conversion was determined
by crude NMR and aromatic protons were easily detected by
1H NMR spectroscopy. Catalyst loading required to achieve the
full conversion was 4 mol% of Cu(OTf)2. Reactions were
carried out in Schlenk flasks, at 80 °C for 24 h (Scheme 1).
We discovered that toluene is the most suitable solvent for
the synthesis due to the high boiling point and excellent solu-
bility of POSS silanols in toluene. By comparison, when THF
was used as solvent in this reaction, we did not observe satis-
factory conversion. Optimization of reaction conditions and
solvent screening are presented in the ESI.† It is worth men-
tioning that excess silane (molar ratio POSS silanol to silane =
1.0 : 3.0 equiv.) is required for full conversion of POSS silanol
due to the formation of some amounts of disiloxanes from
silanes as by-products. These side-products were also reported
by Dhakshinamoorthy in the coupling reaction of silanes with
alcohols.35 However, disiloxanes are easy to separate from
SSQs during the isolation by adding acetonitrile. Namely, after
completion of the reaction, the product was separated from
the catalyst by filtration. Next, the solvent and all volatiles were
evaporated under reduced pressure and excess silane was
removed from the product by adding acetonitrile. This solvent
dissolves most of the organosilicon compounds but does not
dissolve SSQs. The product was obtained as a precipitate
which was then filtered off, or as an oil which was separated
from acetonitrile to give desired products. The simplicity of
the experimental and isolation techniques is a significant
advantage of this synthetic route. Moreover, due to the fact
that there is a wide range of commercially available hydro-
silanes, we were able to use a broad scope of silylating reagents
in this synthesis. As a result, we obtained a series of silses-
quioxanes with various functional groups (Table 2). This
method is also effective and selective toward dihydrosilanes
and allows obtaining functionalized silsesquioxanes bearing
Si–H moieties (compounds 9 and 10). This is of particular
importance, because derivatives containing Si–H groups can
undergo further transformations, for example via the hydro-
silylation reaction.
Encouraged by these results, we decided to apply this
method in the modification of incompletely condensed SSQ –
POSS disilanol. Herein, we also present the dehydrogenative
coupling of POSS disilanol with hydrosilanes mediated by
copper(II) triflate (Scheme 2).
After optimization of reaction conditions, we observed that
higher catalyst loading (8 mol% of Cu(OTf)2) was required to
achieve full conversion of POSS disilanol which was deter-
mined by crude NMR. Similarly, we used excess silane in the
synthesis (6.0 eqiv.). Optimization of reaction conditions for
dehydrogenative coupling of POSS disilanol with silanes is pre-
sented in the ESI.† The obtained bifunctionalized POSS deriva-
tives are summarized in Table 3. It is worth noting that advan-
tages of this approach also include the conveniently low cost
of the catalyst Cu(OTf)2, which is less expensive than Sc(OTf)3
and transition metal complexes.11,13,23–27 Most importantly,
the reactions proceed under mild conditions, with the for-
mation of no harmful or reactive by-products that are difficult
to remove.
Another favourable feature is the high efficiency of the
process – we obtained products with excellent yields ranging
from 80 to 98%. We also successfully performed the reaction
of closing the cage of incompletely condensed SSQ via the
dehydrogenative coupling reaction of POSS disilanol with di-
ethylsilane mediated by Cu(OTf)2. As a result, we obtained
compound 17 in 85% yield (Scheme 3).
We believe that this is the first catalytic approach to closing
the silsesquioxane cage using easily accessible hydrosilane in
this process. Previously, Satoh et al. reported the Au-catalyzed
reaction of hydrosilanes with silanols as well as incompletely
condensed POSS silanol.13 However, this method is limited to
just one example due to the small amount of available di- and
trihydrosilanes. What is more, this strategy does not seem to
Table 1 Investigating the catalytic activity of different triflates in dehydro-
genative coupling reaction of POSS silanol with silanes
M(OTf)n Catalyst loading
a Conversionb (%)
No catalyst — 0
Sc(OTf)3 4 mol% Traces
Zn(OTf)2 4 mol% Traces
Ca(OTf)2 4 mol% Traces
Mg(OTf)2 4 mol% Traces
Fe(OTf)2 4 mol% Traces
AgOTf 4 mol% 30
AgOTf 8 mol% 85
Cu(OTf)2 4 mol% 99
a Reaction conditions: Toluene, argon atmosphere, 80 °C, 24 h, molar
ratio of reagents POSS monosilanol : silane = 1.0 : 3.0. b Conversion
determined by crude NMR.
Scheme 1 Functionalization of POSS monosilanol mediated by
Cu(OTf)2.
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allow ‘the corner capping reaction’ of partially condensed
SSQs.
In addition, we performed several experiments in order to
find out what the active catalytic species of this reaction is. We
also wanted to propose a possible mechanism for this process.
During our study, we observed that only triflates that are not
stable can show catalytic activity in this reaction. We noticed
the decomposition of Cu(OTf)2 and reduction Cu(II) to Cu(0)
which was a metallic precipitate. Therefore, we investigated a
catalytic amount of copper(0) powder (4 mol%) as a catalyst
and discovered that Cu(0) does not show catalytic activity in
this process. Furthermore, it is well known in the literature
that Cu(OTf)2 may be a source of triflic acid (TfOH).
36,37
However, our previous research has confirmed that TfOH is
not suitable for modification of SSQs because it may lead to
cleavage of Si–O–Si bonds and partial decomposition of SSQs,
which was particularly noticeable for the incompletely con-
densed ones.23,24 During reactions mediated by Cu(OTf)2, we
obtained products without traces of decomposition. We also
performed a representative reaction with the addition of
Brønsted base 2,6-di-tert-butylpyridine (DTBP) (4 mol%) which
is able to interact with TfOH38,39 and as a result, we obtained
the desired product with excellent yield. This indicates that
TfOH may not be generated in situ under these conditions and
is not the active catalytic species. As a next step, we carried out
the representative reaction of POSS monosilanol with
phenyldimethylsilane in the presence of 4 mol% of Cu(OTf)2
in toluene-d8 (80 °C, 24 h) in a Young NMR tube. In this
experiment, we detected hydrogen as a by-product and we were
able to observe the peak from H2 in the
1H NMR spectrum (at
4.50 ppm in toluene-d8, 400 MHz)
40 (see the ESI†).
Subsequently, we added stoichiometric amounts of POSS
monosilanol and Cu(OTf)2 (1.0 : 1.0 equiv.) to a Young NMR
tube and we heated the tube for 24 h at 80 °C. However, in this
case we did not observe changes in chemical shifts of POSS
silanol in NMR spectra. We also added stoichiometric
amounts of phenyldimethylsilane and Cu(OTf)2 to the Young
NMR tube. After heating the tube for 24 h at 80 °C, we noticed
significant changes in the 29Si NMR spectrum – the absence of
peak from HSiPhMe2 (−17.1 ppm) and the presence of a peak
at 33.1 ppm. According to the databases,41 this signal may
indicate the formation of a Si-OTf moiety (PhMe2Si-OTf)
(Scheme 4). Moreover, the formation of this ester was also con-
Table 2 The results for dehydrogenative coupling of POSS monosilanol with silanes mediated by Cu(OTf)2
a
a Reaction conditions: Toluene, Cu(OTf)2, catalyst loading 4 mol%, argon atmosphere, 80 °C, 24 h, molar ratio of reagents POSS monosilanol :
silane = 1.0 : 3.0. b Isolated yield.
Scheme 2 Functionalization of POSS disilanol mediated by Cu(OTf)2.
Table 3 The results for dehydrogenative coupling of POSS disilanola
a Reaction conditions: Toluene, Cu(OTf)2, catalyst loading 8 mol%,
argon atmosphere, 80 °C, 24 h, molar ratio of reagents POSS disilanol :
silane = 1.0 : 6.0. b Isolated yield.
Scheme 3 Closing the cage of POSS disilanol mediated by Cu(OTf)2.
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firmed by GC-MS analysis. The mass spectral characteristic is
included in the ESI.†
This experiment suggests that the first steps of this process
are decomposition of triflate, reduction of Cu(II) to Cu(0), for-
mation of silyl triflate and evolution of hydrogen, which was
confirmed by NMR spectroscopy. What is more, our obser-
vation that ester (silyl triflate) may be the possible active cata-
lytic species42,43 encouraged us to investigate the activity of
commercially available ester iPr3SiOTf (8 mol%) as a catalyst in
the reaction between POSS monosilanol and two types of
hydrosilanes – phenyldimethylsilane and ethyldimethylsilane.
In each case, we detected the formation of hydrogen using
NMR spectroscopy. Nevertheless, in both reactions, we
obtained a mixture of two products containing silsesquioxane
substituted with the silyl group from silane (desired product)
as well as silsesquioxane substituted with the tri-iso-propylsilyl
moiety from the catalyst (in small amounts) (see the ESI†). In
light of the fact that the use of available silyl triflate as a cata-
lyst in this process suffers from the lack of selectivity, we
attempted to synthesize silyl triflate in situ.44 In the first step,
we performed a reaction of TfOH (0.04 equiv.) with excess
phenyldimethylsilane (3 equiv.). We confirmed the formation
of desired ester as well as small amounts of disiloxane using
GC-MS analysis. Next, POSS monosilanol (1 equiv.) was added
to this mixture and we obtained 30% conversion in this case
determined by crude NMR. The results for the mechanistic
study lead to the conclusion that the first step of the mecha-
nism is the decomposition of triflate. This may explain the
activity of AgOTf in this reaction, which is also not stable. It is
worth emphasizing that Cu(OTf)2 is a more effective source of
the TfO− ion than AgOTf and more selective compared to the
use of silyl triflate as a catalyst. Next, the TfO− ion possibly
interacts with hydrosilane and silyl triflate is formed which is
confirmed by 29Si NMR spectroscopy and GC-MS analysis.
Simultaneously, Cu(II) undergoes reduction and hydrogen
from hydrosilane undergoes oxidation. In the next step, POSS
silanol reacts with silylating species (silyl triflate) to give a
desired product. Since we did not observe decomposition of
SSQs in this process, we rule out the formation of TfOH
during this mechanistic step. Therefore, we propose the inter-
action of another hydrosilane molecule with R3SiOTf species,
leading to the regeneration of silyl triflate, which we believe
serves as the active catalytic species in these reactions. Our
proposition of the possible mechanism is presented in Fig. 1.
All experimental data are included in the ESI.†
Conclusions
In conclusion, we presented a novel catalytic method for the
functionalization of silsesquioxanes mediated by copper(II) tri-
fluoromethanesulfonate. As a result of our study, we provided
an efficient and convenient solution for the modification of
SSQs of various types: both completely and partially condensed
POSS silanols. Moreover, we present the Cu(OTf)2-mediated
reaction for closing the cage of incompletely condensed POSS
disilanol. It is remarkable that the main advantages of this
strategy include high efficiency, mild reaction conditions, the
simplicity of experimental techniques and the use of commer-
cially available and non-toxic reagents, as well as an in-
expensive catalyst. We also undertook a series of mechanistic
studies, in order to understand the nature of this process. We
want to emphasize that reagents used for modification of SSQs
according to this strategy are easily accessible, as opposed to
allyl-silanes which have to be prepared from highly moisture
sensitive chlorosilanes. For this reason, the presented method-
ology may be advantageous over the functionalization of silses-
quioxanes mediated by Sc(OTf)3 or Nafion.
23–26 We believe
that this methodology can be of great importance and practical
use for the functionalization of SSQs, which have the potential
for wide applications, for instance as nano-sized building
blocks in many fields of materials science.
Experimental section
Materials and procedures
Cu(OTf)2 was purchased from ABCR GmbH & Co. KG. Other
reagents as well as solvents were purchased from Sigma-
Aldrich Co. or ABCR GmbH & Co. KG. They were used for
experiments without further purification. Toluene was dried
using the benzophenone/sodium procedure prior to use. POSS
compounds were obtained from Hybrid Plastics. Reactions
were carried out under an argon atmosphere. The structure of
products was determined by NMR spectroscopy. The 1H NMR
(400 MHz), 13C NMR (101 MHz), 29Si NMR (79 MHz) spectra
were recorded on a Bruker Avance III HD NanoBay spectro-
meter, using CDCl3 as solvent, whereas the mechanistic study
Scheme 4 The formation of silyl triflate in the reaction of Cu(OTf)2
with hydrosilane.
Fig. 1 The possible mechanism for dehydrogenative coupling of POSS
silanols with silanes mediated by Cu(OTf)2.
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was performed in Young NMR tubes, using toluene-d8 as solvent.
All spectra were acquired at 298 K. GC-MS-analysis was per-
formed on a Varian Saturn 2100T, equipped with a BD-5 capillary
column (30 m) and a Finnigan Mat 800 ion trap detector.
Synthetic procedures
General procedure for the synthesis of compounds 1–12. To
a 25 mL Schlenk flask equipped with a stirring bar, POSS
monosilanol (1.0 mmol, 1.0 equiv.), silane (3.0 mmol, 3.0
equiv.) and 2 mL of toluene were added under an argon atmo-
sphere. Subsequently, copper(II) trifluoromethanesulfonate
(0.04 mmol, 4 mol%) was added and the reaction mixture was
stirred at 80 °C for 24 h. After this time, the product was separ-
ated from the catalyst by filtration. Next, the solvent and all
volatiles were evaporated under reduced pressure and sub-
sequently excess silane was separated from the product by
adding acetonitrile. The product was obtained as a precipitate
which was then filtered off or as oil which was separated from
acetonitrile to give the corresponding compounds 1–12.
General procedure for the synthesis of compounds 13–16.
To a 25 mL Schlenk flask equipped with a stirring bar, POSS
disilanol (1.0 mmol, 1.0 equiv.), silane (6.0 mmol, 6.0 equiv.)
and 2 mL of toluene were added under an argon atmosphere.
Subsequently, copper(II) trifluoromethanesulfonate
(0.08 mmol, 8 mol%) was added and the reaction mixture was
stirred at 80 °C for 24 h. After this time, the product was separ-
ated from the catalyst by filtration. Next, the solvent and all
volatiles were evaporated under reduced pressure and sub-
sequently excess silane was separated from the product by
adding acetonitrile. The product was obtained as oil which
was separated from acetonitrile to give the corresponding com-
pounds 13–16.
General procedure for closing the cage of POSS disilanol
and obtaining compound 17. To a 25 mL Schlenk flask
equipped with a stirring bar, POSS disilanol (1.0 mmol,
1.0 equiv.), diethylsilane (1.5 mmol, 1.5 equiv.) and 2 mL of
toluene were added under an argon atmosphere. Subsequently,
copper(II) trifluoromethanesulfonate (0.08 mmol, 8 mol%) was
added and the reaction mixture was stirred at 80 °C for 24 h.
After this time, the product was separated from the catalyst by
filtration. Next, the solvent and all volatiles were evaporated
under reduced pressure and subsequently excess silane was sep-
arated from the product by adding acetonitrile. The product was
obtained as oil which was separated from acetonitrile to give
the product 17 in 85% yield.
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Potassium tert-butoxidea b s t r a c t
Due to the rapidly growing interest in development of silsesquioxane chemistry, we present herein an
original approach to the synthesis of functionalized silsesquioxanes via dehydrogenative coupling of
completely and incompletely condensed POSS silanols using a wide range of commercially available,
non-toxic hydrosilanes and pinacolborane. Of particular importance, this procedure involves an inexpen-
sive and abundant potassium tert-butoxide as a catalyst and undergoes under mild reaction conditions.
No toxic metal residue or corrosive by-products are formed during this process, which makes this method
highly convenient and practical.
 2019 Elsevier Inc. All rights reserved.1. Introduction silsesquioxanes containing silanol (Si-OH) groups (known as POSSPOSSs (Polyhedral Oligomeric Silsesquioxanes) represent one of
the most investigated groups of organosilicon compounds. They
have attracted a lot of attention due to their hybrid structure,
unique features, and the possibility for their wide application, for
instance as nanocomposites’ precursors [1–4]. POSSs can also serve
as architectures for various supramolecular structures and as nano-
sized building blocks in the synthesis of hybrid organic-inorganic
materials or silsesquioxane-based hybrid porous polymers and
nanoporous networks [5–14]. Their use in material chemistry is a
key part of many current scientific studies in this field. Despite
the interest in silsesquioxane (SSQ) chemistry, the traditional
methodology for the synthesis and modification of these com-
pounds is mainly based on hydrolytic condensation of chlorosilanes
that are reactive and sensitive toward moisture [15]. Moreover, the
number of effective catalytic strategies leading to silsesquioxanes is
notably insufficient [16–22]. It is worth emphasizing that all known
catalytic methods employ expensive metals catalysts and/or harsh
conditions. Thus, considering the importance of POSSs, the design of
new and convenient catalytic routes to functionalized silsesquiox-
anes still needs to be developed.
In the course of our study, we discovered several methods lead-
ing to the formation of Si-O-E bond (E = Si, Ge, B) within diverse
molecules [23–29]. Moreover, we also used our methodology in
modification of POSSs. We reported an efficient and selective
approach to modification of silsesquioxanes via the reaction ofsilanols) with allyl-substituted organometalloid (organosilicon,
organogermanium and organoboron) compounds mediated by
scandium(III) trifluoromethanesulfonate Sc(OTf)3 [30–32]. 2-
Methylallyl-functionalized reagents used in this synthesis are not
commercially available and they have to be prepared from
moisture-sensitive and corrosive chlorosilanes via Grignard reac-
tion. Furthermore, we also presented this coupling process in the
presence of heterogeneous and reusable catalyst Nafion [33].
Recently, we have presented research which focuses on employing
easily accessible hydrosilanes in the modification of silsesquiox-
anes. More precisely, we reported efficient dehydrogenative cou-
pling of POSS silanols with hydrosilanes catalyzed by Ru3(CO)12
[34], as well as the same process mediated by copper(II) trifluo-
romethanesulfonate Cu(OTf)2 [35] (Fig. 1).
Nevertheless, the all above mentioned strategies still require
transition metals catalysts, which is a distinct limitation. On the
other hand, various inexpensive bases may function as activators
of CAH or OAH bond. For instance, Grubbs et al. have reported C
(sp)AH bond functionalizaction in the presence of alkali metal
hydroxides [36], as well as silylation of OAH moiety via dehydro-
genative coupling of alcohols with hydrosilanes catalyzed by
sodium hydroxide (10 mol% of NaOH) [37]. Moreover, collabora-
tion between the Stoltz and Grubbs groups has developed an effec-
tive method to convert CAH bonds on heteroaromatic compounds
to versatile CASi bonds via catalyzed direct dehydrogenative CAH
bond silylation, using potassium tert-butoxide as the catalyst [38–
41]. They also performed experimental and computational studies
to explain the mechanism of the process [38]. Potassium tert-
butoxide was also used for ultra-deep desulfurization of fuels
Fig. 1. Catalytic strategies for functionalization of silsesquioxanes.
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bond formation via the reaction of benzyl alcohols and alkynes
[43], whereas Oestreich published findings on KOtBu-catalyzed
dehydrogenative coupling of silanes with alcohols [44]. These
papers encouraged us to investigate the catalytic activity of various
bases in functionalization of POSS silanols, which contain Si-OH
moieties. To the best of our knowledge, there has been no attempt
of using for example, potassium tert-butoxide in modification of
silsesquioxanes. Therefore, the emphasis of our present research
was placed on developing a novel catalytic route to SSQs deriva-
tives which eliminates the necessity of using precious metal cata-
lysts. Furthermore, reactions are carried out under mild conditions
and no reactive by-products are formed in the process.
Herein, we report an effective and convenient method for func-
tionalization of POSS silanols via the dehydrogenative coupling
with commercially available and non-toxic hydrosilanes catalyzed
by inexpensive and abundant catalyst potassium tert-butoxide.
2. Results and discussions
2.1. Investigating the catalytic activity of variuos compounds in
dehydrogenative coupling of POSS silanols with silanes
Firstly, we investigated a wide range of bases for potential cat-
alytic activity in dehydrogenative coupling of POSS monosilanol
with silanes. In our experiments we used, amongst others, sodium
and potassium hydroxides, different alkoxides, carbonates,hydrides and hexamethyldisilazides as catalysts in modification
of SSQs (Table 1). All bases used for experiments were heated under
vacuum prior to use to avoid traces of moisture. We applied differ-
ent catalyst loading and also monitored the influence of tempera-
ture and solvent in these reactions, which is presented in Table 1.
Unfortunately, during our research we discovered that most of
the investigated bases do not lead to the desired product. K2CO3,
NaOtBu and LiOtBu were inactive in this process, whereas other
bases (hydrides, hydroxides and hexamethyldisilazides) caused
noticeable or partial decomposition of silsesquioxane cage in POSS
compounds, which was detected in NMR spectra (especially in 29Si
spectra). To the best of our knowledge and according to the litera-
ture, bases are also able to catalyze the cleavage of SiAOASi bond
[45]. It is worth mentioning that the most remarkable decomposi-
tion of SSQs was observed, when hydroxides were used in the syn-
thesis. Thus, hydroxides of alkali metals seem not to be suitable for
functionalization of silsesquioxanes.
However, to our delight, we observed, that potassium tert-
butoxide provides a satisfactory primary results as a catalyst in this
process.We obtained a product with 90% yield determined by crude
NMR and we did not observe any traces of POSS decomposition.
2.2. Functionalization of POSS monosilanol
In the next step, we decided to optimize the reaction conditions
for the dehydrogenative coupling reaction of POSS monosilanol
with phenyldimethylsilane mediated by potassium tert-butoxide
Table 1
Investigating the catalytic activity of various compounds in dehydrocoupling of POSS silanols with silanes.
Catalyst Catalyst loading Anhydrous solvent Temp (C) Time (h) Conversiona (%)
NaOH 2 mol% THF rt 1 tracesb
NaOH 10 mol% THF 65 1 tracesb
NaOH 10 mol% THF 65 24 tracesb
NaOH 5 mol% toluene rt 1 tracesb
NaOH 10 mol% toluene 80 1 tracesb
NaOH 10 mol% toluene 80 24 tracesb
KOH 5 mol% THF rt 1 tracesb
KOH 10 mol% THF 65 24 tracesb
KOH 5 mol% toulene rt 1 tracesb
KOH 10 mol% toulene 80 24 tracesb
CaH2 4 mol% THF rt 24 tracesb
CaH2 4 mol% THF 65 24 tracesb
KOtBu 4 mol% THF rt 24 traces
KOtBu 4 mol% THF 65 24 90
KOtBu 4 mol% toluene 60 24 traces
KOtBu 4 mol% toluene 80 24 traces
NaOtBu 2 mol% THF 65 24 2
NaOtBu 4 mol% THF 65 24 8
LiOtBu 4 mol% THF 65 24 2
NaHMDS 2 mol% THF 65 24 tracesb
NaHMDS 4 mol% THF 65 24 tracesb
KHMDS 2 mol% THF 65 24 tracesb
KHMDS 4 mol% THF 65 24 tracesb
K2CO3 4 mol% THF 65 24 traces
Cs2CO3 2 mol% THF 65 24 tracesb
Cs2CO3 10 mol% THF 65 24 tracesb
a HSiR3 = HSiMe2Ph; conversion determined by crude NMR.
b Traces of a product and noticeable decomposition of silsesquioxanes.
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(200 C) according to literature [40], stored in a Schlenk flask under
argon atmosphere and manipulated as quickly as possible to avoid
decomposition. All reactions were carried out in Schlenk flasks
under argon atmosphere. The conversion was determined by crude
NMR analysis.
Firstly, we applied the catalyst loading of KOtBu ranging from
10 to 20 mol% and conducted reactions at room temperature
within 1 h. As a result, we did not obtain the desired product.
Instead, we noticed the decomposition of the SSQ framework. This
leads us to the conclusion, that the decomposition of silsesquiox-
anes in the presence of KOtBu may occur under harsh conditions,
for instance, if the catalyst loading is too high. Therefore, in the
next step we attempted to lower the amount of KOtBu and perform
reactions at elevated temperature for longer time. Our aim was to
find optimal, mild and convenient conditions for this process,
which was challenging. We found out that the catalyst loading
required for full conversion and not leading to decomposition of
reagent was 4 mol% of KOtBu. We optimized the reaction condi-
tions using anhydrous THF (dried over Na with benzophenone)
and performed reactions at 60 C for 24 h. The longer time of reac-
tion at this temperature did not improve the reaction conversion.
What is more, when reactions were carried out for 48 h, we noticed
slight traces of POSS decomposition. Similarly, the higher temper-
ature did not lead to better reaction conversion, and thus, therefore
further experiments were performed at an optimized 60 C. We
also investigated various solvents in the synthesis, including, we
attempted to use anhydrous toluene, DMF, dichloromethane and
fluorinated solvents. In each case, we did not obtain a satisfactory
conversion. The optimization of reaction conditions and solvent
screening are presented in Table 2.In addition, the optimal molar ratio of reagents POSS monosi-
lanol:silane was 1.0:3.0 equiv. The excess of silane was required
due to formation of some amounts of disiloxane as a by-product
under these conditions. Nevertheless, the excess of silane was easy
to separate from the desired product during the isolation step by
adding acetonitrile. This solvent dissolves silanes but does not dis-
solve SSQs, which is possible to obtain as a precipitate or as an oil.
All details are included in Section 4.
As a result, we synthetized a variety of silsesquioxane deriva-
tives bearing different substituents with good to excellent isolated
yields, ranging from 72 to 91%. The obtained products are summa-
rized in Table 3. The structure of the obtained products was con-
firmed by NMR spectroscopy (1H, 13C and 29Si NMR). All spectra
match the literature data.
Of particular importance is the fact that this method for func-
tionalization of POSS silanols can be superior to those previously
reported in terms of the convenient cost of the catalyst. Potassium
tert-butoxide is an inexpensive and available naturally-abundant
metal catalyst. Moreover, reactions are carried out under mild con-
ditions and no corrosive by-products or toxic metal residue are
formed during the synthesis. The other favorable features of this
methodology are: high efficiency, the simplicity of experimental
techniques and an easy purification process. Isolation after reaction
completion involves the following steps: separation of the product
from the catalyst by filtration and then evaporation of the solvent
and all volatiles under reduced pressure. Subsequently, the silane
excess was separated from the product by adding acetonitrile,
which dissolves silanes, but does not dissolve SSQs. During our
study, we also performed functionalization of POSS monosilanol
with pinacolborane catalyzed by potassium tert-butoxide. As a
result, we successfully obtained boron-functionalized SSQ deriva-
Table 2
Optimization of reaction conditions and solvent screening.
Molar ratio [POSS silanol:silane] Anhydrous solvent Catalyst loading Temperature (C) Time (h) Conversiona (%)
1.0:3.0 THF 20 mol% rt 1 Decomposition of SSQs
THF 10 mol% rt 1
THF 4 mol% rt 24 Traces
THF 4 mol% 40 24 10
THF 4 mol% 60 16 75
THF 4 mol% 60 24 90
THF 4 mol% 60 30 90
THF 4 mol% 60 48 Traces of decomposition
THF 4 mol% 65 24 90
THF 2 mol% 60 24 15
toluene 4 mol% 60 24 Traces
4 mol% 80 24 Traces
fluorobenzene 4 mol% 40 24 10
4 mol% 60 24 20
chlorobenzene 4 mol% 60 24 10
dichloromethane 4 mol% 40 24 Traces
DMF 4 mol% 60 24 Traces
4 mol% 80 24 Traces
1.0:1.5 THF 4 mol% 60 24 25
1.0:2.0 THF 4 mol% 60 24 40
a Conversion determined by crude NMR.
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it is worth emphasizing, that this method allows for the introduc-
tion organoboron functionalities into silsesquioxane molecules.
This may be of practical use due to the fact that functionalized
multi-element silsesquioxane derivatives serve as valuable build-
ing blocks in material science.
2.3. Functionalization of incompletely condensed silsesquioxanes
Encouraged by our results, we decided to use this approach to
modification of incompletely condensed silsesquioxanes and to
employ potassium tert-butoxide in the functionalization of POSS
disilanol. After optimization process, we discovered that the cata-
lyst loading used for the modification of POSS disilanol required
for full conversion was 8 mol% of KOtBu (4 mol% of KOtBu for one
SiAOH group) (Table 4). Higher catalyst loading caused slight
traces of POSS disilanol decomposition. Reactions were also per-
formed in anhydrous THF at 60 C for 24 h. Similarly, we used
higher excess of silane (6 equiv.; 3 equiv. of silane per one SiAOH
group), required to obtain desired product with excellent yields.
Remarkably, this methodology also allows for the introduction
of organoboron functionalities to partially condensed silsesquiox-
anes, which is a significant advantage (Table 5).
3. Conclusions
In conclusion, we report the first, and entirely original, base-
catalyzed methodology for SSQs functionalization which involves
no precious transition metals as catalyst. We present dehydrogena-
tive coupling reactions of completely and partially condensed POSS
silanols with easy accessible, non-toxic hydrosilanes and pinacolb-
orane mediated by commercially available, inexpensive, and
naturally-abundant potassium tert-butoxide. We believe this
methodology is a highly practical and effective approach to SSQs
modification. In particular, the convenient cost of the catalyst, mild
reaction conditions and the absence of corrosive by-products ormetal residue are significant favorable features of the methodol-
ogy. Last but not least, this strategy allows for the introduction
of diverse functional groups into silsesquioxane molecules (e.g.,
organoboron functionalities) and obtaining valuable multi-
element SSQ derivatives. Such multifunctional compounds may
have the potential for various applications and may be of consider-
able interest in creating hybrid organic-inorganic materials.
4. Experimental section
4.1. Materials and methods
All reagents and solvents were purchased from Sigma-Aldrich
Co. or ABCR GmbH & Co. KG. POSS compounds were obtained from
Hybrid Plastics. Potassium tert-butoxide (sublimed grade, 99.99%,
Aldrich) was heated under vacuum (200 C), kept in a Schlenk flask
under argon atmosphere and manipulated as quickly as possible to
avoid decomposition. THF was dried over sodium with benzophe-
none prior to use. NaOH and KOH (Aldrich, 99.99%) were pulver-
ized using pestle and mortar and then heated (150 C) under
vacuum prior to use. All other bases used for experiments were
also heated under vacuum. Reactions were carried out in Schlenk
flasks under argon atmosphere. The product structure was deter-
mined by NMR spectroscopy. The spectra 1H NMR (400 MHz), 13C
NMR (101 MHz), 29Si NMR (79 MHz) were recorded on a Bruker
Avance III HD NanoBay spectrometer, using CDCl3 or C6D6 as a
solvent.
4.2. Synthetic procedure
4.2.1. General procedure for the synthesis of compound 1–8
To a 25 mL Schlenk flask equipped with a stirring bar, POSS
monosilanol (1.0 mmol, 1.0 equiv.), silane (3.0 mmol, 3.0 equiv.),
potassium tert-butoxide (0.04 mmol, 4 mol%) and 2 mL of anhy-
drous THF were added under argon atmosphere. Next, the reaction
mixture was stirred at 60 C for 24 h. After this time, the product
Table 3
The results for dehydrogenative coupling of POSS monosilanol with silanes in the presence of KOtBu.a
a Anhydrous THF, KOtBu 4 mol%, argon atmosphere, 60 C, 24 h. Molar ratio of reagents POSS monosilanol:silane = 1.0: 3.0. bIsolated yields.
Table 4
Optimization of reaction conditions for POSS disilanol functionalization.
Molar ratio [POSS silanol:silane]a Catalyst loading Temperature (C) Time (h) Conversionb (%)
1.0:6.0 6 mol% 60 24 20
8 mol% 60 24 75
10 mol% 60 24 slight traces of decomposition
a Anhydrous THF, argon atmosphere. Molar ratio of reagents POSS disilanol:silane = 1.0: 6.0.
b Conversion determined by crude NMR.
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Table 5
The results for dehydrogenative coupling of POSS monosilanol with silanes in the presence of KOtBu.a
a Anhydrous THF, KOtBu 8 mol%, argon atmosphere, 60 C, 24 h. Molar ratio of reagents POSS monosilanol:silane = 1.0: 6.0.
bIsolated yields.
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solvent and all volatiles were evaporated under reduced pressure.
The excess of silane was separated from the product by adding ace-
tonitrile, which dissolves silanes, but does not dissolve SSQs. The
product was obtained as a precipitate which was then filtered off
or as an oil which was separated from acetonitrile to give the cor-
responding compounds 1–8.4.2.2. General procedure for the synthesis of compounds 9–12
To a 25 mL Schlenk flask equipped with a stirring bar, POSS dis-
ilanol (1.0 mmol, 1.0 equiv.), silane (6.0 mmol, 6.0 equiv.), potas-
sium tert-butoxide (0.08 mmol, 8 mol%) and 2 mL of anhydrous
THF were added under argon atmosphere. The reaction mixture
was stirred at 60 C for 24 h. After this time, the product was sep-
arated from the catalyst by filtration. Next, the solvent and all vola-
tiles were evaporated under reduced pressure. Subsequently the
excess of silane was separated from the product by adding acetoni-
trile, which dissolves silanes, but does not dissolve SSQs. The pro-
duct was obtained as an oil which was separated from acetonitrile
to give the corresponding compounds 9–12.Acknowledgments
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[28] K. Kuciński, G. Hreczycho, Highly effective route to Si-O-Si moieties via O-
silylation of silanols and POSS silanols with disilazanes, ChemSusChem 12
(2018) 1043–1048, https://doi.org/10.1002/cssc.201802757.
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[31] J. Kaźmierczak, G. Hreczycho, Catalytic approach to germanium-functionalized
silsesquioxanes and germasilsesquioxanes, Organometallics 36 (2017) 3854–
3859, https://doi.org/10.1021/acs.organomet.7b00599.
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ABSTRACT: We report a highly effective metal-free catalytic
procedure for the functionalization of silsesquioxanes via
dehydrocoupling of various POSS silanols with hydrosilanes in
the presence of commercially available tris(pentafluorophenyl)-
borane B(C6F5)3. This approach enables the unprecedented one-
pot synthesis of valuable silsesquioxane derivatives under mild conditions, with no corrosive byproducts formed in the process.
■ INTRODUCTION
Intense efforts have recently been directed toward the
development of new, structurally well-defined hybrid materials
and their components.1−3 In particular, silsesquioxanes belong
to a relevant class of organosilicon compounds, which have
attracted the considerable attention of many scientists in recent
years.4 These compounds are characterized by a unique,
nanoscale, hybrid structure.5,6 They possess excellent physical,
chemical, and optoelectrical properties and are widely applied
in optoelectronics, materials chemistry, and nanoscience, e.g.,
as precursors of nanocomposites or organic LEDs (OLEDs)7
or as nanobuilding blocks8−10 for the synthesis of hybrid
organic−inorganic materials.11,12 Various novel materials based
on silsesquioxane architecture exhibit enhanced mechanical
properties, porosities, and thermostabilities.13,14
Despite the great interest in silsesquioxane chemistry, a
conventional approach to the synthesis of these organosilicon
compounds is based on the hydrolysis of reagents which are
sensitive toward moisture (e.g., chlorosilanes).4 Moreover,
reactive and corrosive byproducts are formed during this
process (e.g., HCl). For that reason, this approach suffers from
the lack of selectivity and functional group tolerance. Over the
past few years, research on silsesquioxanes has been
extended.15 Several catalytic methods were developed.16−25
Nevertheless, all mentioned catalytic approaches employ
expensive metal catalysts and/or harsh conditions. Further-
more, some of these methodologies are limited to only one
example due to the scarce availability of reagents required in
the process (e.g., dihydrosilanes and trihydrosilanes).16 In light
of these facts, the development of novel, efficient catalytic
strategies leading to silsesquioxane derivatives, omitting an
expensive metal catalyst and metal residues, is of great
relevance. So far, our research group has proposed various
catalytic methodologies for the functionalization of sila-
nols26−30 and silsesquioxanes containing silanol Si−OH
(silanol) groups, known as POSS silanols.31,32 We discovered
that POSS silanols undergo a reaction with 2-methylallyl-
substituted organometalloidal reagents in the presence of a
Lewis acid Sc(OTf)3 or the heterogeneous catalyst Na-
fion.33−36 Moreover, we also published the dehydrogenative
coupling of POSS silanols with commercially available silanes.
This process can be catalyzed by Ru3(CO)12,
37 Cu(OTf)2,
38 or
KOtBu. In light of this fact, materials science and
silsesquioxane chemistry are constantly being developed, and
the design of novel, effective, and mild catalytic routes that lead
to functionalized silsesquioxanes is of high relevance.
On the other hand, tris(pentafluorophenyl)borane B(C6F5)3
represents one of the strong Lewis acids40 and possesses
catalytic activity in numerous processes; it also employs various
organosilicon compounds. The applications of B(C6F5)3 are
extensive in diverse reactions in organic as well as organo-
silicon chemistry.41,42 B(C6F5)3 was found to be very effective
at initiating olefin polymerization,43,44 aldol-type Michael
reactions, Diels−Alder reactions,45 borylation, hydrogenation,
hydrosilylation, frustrated Lewis pair (FLP) chemistry, and
other processes.46−50 B(C6F5)3 also promotes the silylation of
alcohols and phenols with silanes51−53 or the reduction of
primary alcohols and ethers.54,55 Furthermore, Rubinsztajn et
al. presented a wide range of the uses of B(C6F5)3 in
organosilicon and polymer chemistry.56−59
However, despite the wide applications of B(C6F5)3, we
report herein the first and unprecedented one-pot procedure
for the synthesis of silsesquioxane derivatives in the presence of
B(C6F5)3. Due to the high Lewis acidity and interesting
electronic and steric properties, as well as the high catalytic
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Articlepubs.acs.org/IC
© XXXX American Chemical Society
A
https://dx.doi.org/10.1021/acs.inorgchem.0c01125



































































































activity, of B(C6F5)3, we decided to employ this Lewis acid in
the synthesis of functionalized silsesquioxanes. We successfully
present a novel, efficient, metal-free approach to the
modification of POSS silanols with a wide range of silanes in
the presence of tris(pentafluorophenyl)borane, which is also
possible as a one-pot approach to synthesize valuable
functionalized silsesquioxanes.
■ EXPERIMENTAL SECTION
Materials and Methods. All reagents, catalyst, and solvents were
purchased from Sigma-Aldrich Co. or ABCR GmbH & Co. KG.
POSS silanols were obtained from Hybrid Plastics. Toluene was dried
over sodium with benzophenone and distilled prior to use. Reagents
(hydrosilanes) were dried over calcium hydride and then distilled by
distillation trap-to-trap prior to use in order to avoid the traces of
moisture. Reactions were carried out in Schlenk flasks under an inert
gas (argon) atmosphere in a glove box. Catalyst was dissolved in
toluene and added dropwise in the appropriate amount and in the
form of a solution-to-reaction mixture. The product structure was
determined by NMR spectroscopy. The 1H NMR (400 MHz), 13C
NMR (101 MHz), 29Si NMR (79 MHz), and 19F NMR (376 MHz)
spectra were recorded on a Bruker Avance III HD NanoBay
spectrometer, using CDCl3 as a solvent.
Synthetic Procedures. General Procedure for the Synthesis of
Compounds 1−10. To a 25 mL Schlenk flask equipped with a
stirring bar, POSS monosilanol (1.0 mmol, 1.0 equiv), silane (for
compounds 1−6 and 9−10 = 1.5 mmol, 1.5 equiv; for compounds 7−
8 = 3.0 mmol, 3.0 equiv), and 2 mL of toluene were added under an
inert gas atmosphere into the glove box. Next, tr is-
(pentafluorophenyl)borane (0.015 mmol, 1.5 mol %, solution of
catalyst in anhydrous toluene) was added and the reaction mixture
was stirred for 24 h at 40 °C. After this, the solvent and volatiles were
evaporated under a reduced pressure, and subsequently, the catalyst
and the excessive amount of silane were separated from the product
by adding acetonitrile. The product was obtained as a precipitate
which was then filtered off as an oil which was separated from
acetonitrile to give the corresponding compounds 1−10.
General Procedure for the Synthesis of Compounds 11−13. To a
25 mL Schlenk flask equipped with a stirring bar, POSS disilanol (1.0
mmol, 1.0 equiv), silane (3.0 mmol, 3.0 equiv), and 2 mL of toluene
were added under an inert gas atmosphere in the glove box. Next,
tris(pentafluorophenyl)borane (0.03 mmol, 3.0 mol %, solution of
catalyst in anhydrous toluene) was added, and the reaction mixture
was stirred for 24 h at 40 °C. After reaction completion, the solvent
and volatiles were evaporated under a reduced pressure, and
subsequently, the catalyst and the excessive amount of silane were
separated from the desired product by adding acetonitrile. The
product was obtained as an oil which was separated from acetonitrile
to yield compounds 11−13.
General Procedure for the Synthesis of Compounds 14−16. To a
25 mL Schlenk flask equipped with a stirring bar, POSS trisilanol (1.0
mmol, 1.0 equiv), silane (4.5 mmol, 4.5 equiv), and 2 mL of toluene
were added under an inert gas atmosphere into the glove box. Next,
tris(pentafluorophenyl)borane (0.045 mmol, 4.5 mol %, solution of
catalyst in anhydrous toluene) was added, and the reaction mixture
was stirred for 24 h at 40 °C. After reaction completion, the solvent
and volatiles were evaporated under a reduced pressure, and
subsequently, the catalyst and the excessive amount of silane were
separated from the product by adding acetonitrile. The product was
obtained as an oil which was separated from acetonitrile to yield
compounds 14−16.
General Procedure for the Synthesis of Compound 17. To a 25
mL Schlenk flask equipped with a stirring bar, POSS disilanol (1.0
mmol, 1.0 equiv), silane (1.0 mmol, 1.0 equiv), and 2 mL of toluene
were added under an inert gas atmosphere into the glove box. Next,
Scheme 1. Functionalizations of (a) POSS monosilanol, (b) POSS disilanol, and (c) POSS trisilanol via Dehydrogenative
Coupling with Silanes in the Presence of B(C6F5)3
Inorganic Chemistry pubs.acs.org/IC Article
https://dx.doi.org/10.1021/acs.inorgchem.0c01125
Inorg. Chem. XXXX, XXX, XXX−XXX
B
tris(pentafluorophenyl)borane (0.03 mmol, 3 0.0 mol %, solution in
anhydrous toluene) was added, and the reaction mixture was stirred
for 24 h at 40 °C. After reaction completion, the solvent and volatiles
were evaporated under a reduced pressure, and subsequently, the
catalyst was separated from the desired product by adding acetonitrile.
The product was obtained as an oil which was separated from
acetonitrile to give product 17 in 93% yield.
General Procedure for the One-Pot Synthesis of Compound 18.
To a 25 mL Schlenk flask equipped with a stirring bar, POSS
monosilanol (1.0 mmol, 1.0 equiv), the required excess of silane (3.0
mmol, 3.0 equiv), and 2 mL of toluene were added under an inert gas
atmosphere into the glove box. Next, tris(pentafluorophenyl)borane
(0.015 mmol, 1.5 mol %, solution of catalyst in anhydrous toluene)
was added, and then, the reaction mixture was stirred at 40 °C for 24
h. After this, distilled ethanol (10 mmol, 10 equiv) and an additional
amount of catalyst tris(pentafluorophenyl)borane (0.05 mmol, 5.0
mol %) were added under an inert gas atmosphere into the glove box.
Then, the reaction mixture was stirred for 24 h at 40 °C. After 24 h,
the solvent and all volatiles were evaporated under a reduced pressure,
and subsequently, the catalyst was separated from the product by
adding acetonitrile. Small amounts of byproduct (dialkoxysilane) that
were formed in this process from the required excess of silane were
easily separated from the product during this step (evaporation and
addition of acetonitrile). This byproduct was detected and confirmed
using GC-MS analysis. Meanwhile, the desired product was obtained
as a precipitate which was then filtered off to give compound 18 in
77% yield.
Table 1. Optimization of Reaction Conditions and Solvent Screening for Functionalization of POSS Monosilanol
molar ratio [POSS silanol/silane] anhydrous solvent catalyst loading B(C6F5)3 temperature (°C) time (h) conversion
a (%)
1.0:1.5 toluene 1 mol % rt 24 67
1 mol % 40 24 84
1.5 mol % 40 24 99
2 mol % rt 24 78
3 mol % rt 16 82
3 mol % rt 24 99
5 mol % rt 24 99
10 mol % rt 24 99
1.0:1.2 toluene 3 mol % rt 24 75
1.0:1.5 chlorobenzene 3 mol % rt 24 80
aConversion determined by crude NMR.
Table 2. Results for the Dehydrocoupling of POSS Monosilanol in the Presence of B(C6F5)3
a
aReaction conditions: anhydrous toluene, 1.5 mol % B(C6F5)3, molar ratio of POSS monosilanol/silane = 1.0:1.5 ( for compounds 1−6 and 9−10)
and 1.0:3.0 (for compounds 7−8), 40 ̊C, and 24 h. bIsolated yields.
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General Procedure for the One-Pot Synthesis of Compound 19.
To a 25 mL Schlenk flask equipped with a stirring bar, POSS
monosilanol (1.0 mmol, 1.0 equiv), the required excess of silane (3.0
mmol, 3.0 equiv), and 2 mL of toluene were added under an inert gas
atmosphere into the glove box. Next, tris(pentafluorophenyl)borane
(0.015 mmol, 1.5 mol %, solution of catalyst in anhydrous toluene)
was added, and then, the reaction mixture was stirred for 24 h at 40
°C. After this, distilled trimethylsilanol (10 mmol, 10 equiv) and an
additional amount of catalyst tris(pentafluorophenyl)borane (0.05
mmol, 5.0 mol %) were added under an inert gas atmosphere into the
glove box. Then, the reaction mixture was stirred for 24 h at 40 °C.
After 24 h, the solvent and all volatiles were evaporated under a
reduced pressure, and subsequently, the catalyst was separated from
the product by adding acetonitrile. Small amounts of byproduct
Table 3. Optimization of Reaction Conditions for Functionalization of POSS Disilanol
molar ratio [POSS silanol/silane] anhydrous solvent catalyst loading B(C6F5)3 temperature (°C) time (h) conversion
a (%)
1.0:3.0 toluene 2 mol % 40 24 88
1.0:3.0 toluene 3 mol % 40 24 99
1.0:3.0 toluene 4 mol % rt 24 65
1.0:3.0 toluene 6 mol % rt 2 48
16 85
24 99
aConversion determined by crude NMR.
Table 4. Optimization of Reaction Conditions for Functionalization of POSS Trisilanol
molar ratio [POSS silanol/silane] anhydrous solvent catalyst loading B(C6F5)3 temperature (°C) time (h) conversion
a(%)
1.0:4.5 toluene 3 mol % 60 24 83
1.0:4.5 toluene 4.5 mol % 40 24 99
1.0:4.5 toluene 4.5 mol % 60 24 89b
1.0:4.5 toluene 9 mol % rt 24 99
aConversion determined by crude NMR. bTraces of silsesquioxane decomposition.
Table 5. Results for the Dehydrogenative Coupling of POSS Disilanol and Trisilanol Catalyzed by B(C6F5)3
a
aReaction conditions: anhydrous toluene, 24 h, 40 ̊C, catalyst loading of 3.0 mol % B(C6F5)3 (for compounds 11−13), molar ratio of POSS
disilanol/silane = 1.0:3.0 (for compounds 11−13), catalyst loading of 4.5 mol % B(C6F5)3 (for compounds 14−16), and molar ratio of POSS
trisilanol/silane = 1.0:4.5 (for compounds 14−16). bIsolated yields.
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(trisiloxane) that were formed in this process from the required excess
of silane were easily separated from the product during this step
(evaporation and addition of acetonitrile). This byproduct was
detected and confirmed using GC-MS analysis. Meanwhile, the
desired product was obtained as a precipitate which was then filtered
off to give compound 19 in 87% yield.
■ RESULTS AND DISCUSSION
We started our research by investigating the catalytic activity of
B(C6F5)3 in the functionalization of POSS monosilanol with
silanes. All reactions were performed under anhydrous
conditions, in the inert gas atmosphere. During the
optimization of this process, we came to the conclusion that
POSS monosilanol undergoes successful dehydrocoupling with
silanes under mild conditions, within 24 h, using small catalyst
loading to achieve the full conversion (1.5 mol % of B(C6F5)3
per 1 Si−OH group for reactions performed at 40 °C or higher
and catalyst loading of −3.0 mol % for reactions performed at
room temperature) (Scheme 1). Both conditions gave similar,
satisfactory results. For further experiments, we decided to
apply a lower catalyst loading, and we carried out reactions at
40 °C. The best yields were obtained when toluene was used as
a solvent. Optimization and solvent screening are presented in
Table 1 and are also summarized in the Supporting
Information.
The conversion of POSS monosilanol was determined by
NMR spectroscopy by monitoring characteristic peaks in
silsesquioxane molecules. In particular, the valuable informa-
tion was given by 29Si NMR spectroscopy (79 MHz, CDCl3).
The 29Si NMR spectrum of the reagent in the synthesis, POSS
monosilanol, is presented at the end of the Supporting
Information file. The chemical shift of the silicon atom in a
silanol group (Si−OH) within POSS monosilanol molecules is
−101.0 ppm. Meanwhile, when a POSS molecule is substituted
with a siloxyl group, the signal from the silicon atom from the
corner of a POSS cage appears as a peak ranging from −109 to
−111 ppm, depending on the substituent. By monitoring the
full conversion, we observed this new, characteristic signal and
the disappearance of the signal from the Si−OH group.
Moreover, the excess of silane (1.5 equiv or 3.0 equiv in the
case of dihydrosilanes) was required to obtain the full
conversion of POSS monosilanol due to the possible formation
of small amounts of byproducts in this process (disiloxanes
formed from silanes). POSS silanols possess steric hindrance
and do not form disiloxanes during functionalization. Never-
theless, all byproducts can be simply removed from the desired
products during the isolation step. The functionalization of
POSS monosilanol with dihydrosilanes required a higher
excess of silanes (3.0 equiv as mentioned above) due to the
fact that the possibility of forming byproducts is higher for
dihydrosilanes. The use of a lower excess of dihydrosilanes
(1.5−2.0 equiv) did not lead to the selective synthesis of
desired products with satisfactory yields.
It is worth mentioning that no reactive, corrosive byproducts
or metal residue are formed in the process. Another favorable
feature of this synthetic pathway includes the simplicity of
isolation techniques, in particular the separation of the catalyst
from the reaction mixture. After reaction completion, the
solvent and all volatiles were evaporated under a reduced
pressure, and subsequently, the excess of silane and catalyst
were separated from the product by adding acetonitrile. This
Scheme 2. B(C6F5)3-Catalyzed Reaction of Closing the Cage of POSS Disilanol
Scheme 3. B(C6F5)3-Mediated One-Pot Functionalization of Silsesquioxanes












1.0:5.0 no additional catalyst
loading
40 24 no traces of
product
1.0:5.0 5 mol % 40 24 50
1.0:10.0 5 mol % 40 24 90
aConversion determined by crude NMR; R = SiMe3.
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solvent dissolves most of the organosilicon compounds
(including silanes, disiloxanes, etc.) as well as the catalyst,
but it does not dissolve silsesquioxanes. This difference in
solubilities is a key step during isolation. The product was
obtained as a precipitate which was then filtered off as an oil
which was separated from acetonitrile to give the desired
silsesquioxane derivative. This step, with the use of acetonitrile,
was repeated several times to make sure that the residue of the
catalyst can be removed. Based on this and on our previous
research this seems to be an efficient technique to separate the
catalyst from silsesquioxanes (also from oils) and to isolate the
pure, desired product. To prove the purity of the compounds,
we provided 19F NMR (376 MHz, CDCl3) spectra of selected
isolated products in the Supporting Information. It is worth
noting that one of our synthesized derivatives (6) possesses
−CF3 groups, which can be easily detected using 19F NMR
spectroscopy. We observed only the signal the from the −CF3
moiety and no traces of the signal from the catalyst.
Moreover, a wide variety of commercially available reagents
(silanes) can be used in this process. As a result, we obtained a
series of silsesquioxane derivatives with diverse functional
groups in excellent yields (76−94%) and selectivities (Table
2). The structure of the obtained products was determined by
NMR spectroscopy. All spectra of known compounds match
the literature data.37−39
Subsequently, we decided to apply this facile and efficient
methodology for the functionalization of incompletely
condensed silsesquioxanes POSS disilanol and trisilanol. To
our delight, we obtained the full conversion of POSS silanols
using 1.5 mol % of catalyst per 1 silanol (Si−OH) group (3.0
mol % of B(C6F5)3 for modification of POSS disilanol and 4.5
mol % of B(C6F5)3 for modification of POSS trisilanol) at 40
°C or 3.0 mol % of catalyst per 1 Si−OH group for
functionalization at room temperature. Moreover, we used the
required excess of silane (1.5 equiv of silane per 1 silanol
group) (Scheme 1 and Tables 3 and 4).
This approach enables the synthesis of diverse fully and
partially condensed functionalized silsesquioxanes. We would
like to emphasize that this methodology also allows the
functionalization of POSS trisilanol. This is a significant
development in the modification of incompletely condensed
silsesquioxanes, because previous strategies for the dehydro-
coupling of POSS trisilanol with a wide range of silanes were
not efficient and did not lead to desired products with
satisfactory yields.37−39 The application of B(C6F5)3 as a
catalyst in this process led to the attainment of partially
condensed silsesquioxanes containing diverse functionalities
with excellent selectivities and yields ranging from 83 to 97%
(Table 5).
During the research, we also successfully performed the
B(C6F5)3-catalyzed reaction of closing the silsesquioxane cage
of incompletely condensed POSS disilanol with diethylsilane
and obtained compound 17 with a fully condensed
silsesquioxane framework (Scheme 2).
Of great relevance, this methodology also enables the
synthesis of silsesquioxanes with Si−H functionalities, which
can undergo further catalytic transformations. In light of this
fact, we performed one-pot synthesis involving SiH-containing
silsesquioxanes. In the presence of B(C6F5)3, a dehydrogen-
ative coupling of POSS monosilanol with diethylsilane gave a
product bearing Si−H moieties. After completion of the first
step, the Si−H group was further modified with alcohol
(ethanol) or silanol (products 18−19). All reactions were
carried out successively in a single flask without any workup;
only the additional amount of catalyst was required for the
reactions (Scheme 3 and Table 6). This is the first example of
such metal-free one-pot synthesis achieved in the case of a
dehydrogenative coupling involving POSS silanols, which is of
particular importance.
To the best of our knowledge, mechanistic studies on
B(C6F5)3-catalyzed reactions with silanes were presented by
the Chojnowski and Rubinsztajn group as well as by the Piers
group.60 They confirmed the crucial formation of a complex
[R3Si···H···B(C6F5)3], which is the catalytic active species in
this process. This step is followed by the rearrangement of the
complex with the second reagent (Scheme 4), which was also
proved by theoretic, kinetic, and spectroscopic studies.61
Similarly, Simonneau et al. came to similar conclusions during
the research on tris(pentafluorophenyl)borane.62
■ CONCLUSIONS
In conclusion, we present a highly efficient and selective,
metal-free catalytic approach to the modification of silsesquiox-
anes via the dehydrogenative coupling of POSS silanols with a
wide range of easily accessible silanes in the presence of
B(C6F5)3. This process proceeds under mild reaction
Scheme 4. Proposed Mechanism for B(C6F5)3-Mediated Dehydrogenative Coupling of POSS Silanols
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conditions, with the formation of no corrosive byproducts, and
allows for the attainment of diverse functionalized silsesquiox-
ane derivatives. Of particular importance, we present the first,
unprecedented one-pot synthesis of silsesquioxane derivatives
with the aid of compounds containing Si−H moieties mediated
by B(C6F5)3 and the first efficient metal-free dehydrogenative
coupling of POSS trisilanol with various silanes. The obtained
compounds with versatile functionalities can serve as
promising nanobuilding blocks, for instance, in the synthesis
of novel hybrid materials or as precursors of nanocomposites.
We believe that this convenient and highly effective one-pot
methodology for the Lewis acid catalyzed functionalization of
silsesquioxanes may be highly relevant and have a practical use
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